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ABSTRACT
The prickleback family Stichaeidae, as currently recognized, is a diverse group of small (<30 cm 
TL) eel- or blenny-like marine fishes distributed in intertidal, subtidal, and continental slope waters of the 
North Pacific, Arctic, and North Atlantic oceans. Stichaeidae is one of nine families within the Cottiformes 
suborder Zoarcoidei and includes six subfamilies, 38 genera, and about 80 species. However, there are 
questions regarding the monophyly of the family and its position within Zoarcoidei, due in part to a lack of 
fundamental descriptive anatomical data for the family.
The first chapter of my dissertation describes the osteology of Xiphister, a genus of Stichaeidae 
that includes two species, X. atropurpureus and X. mucosus, found in intertidal and subtidal waters from 
southern Alaska to southern California. I describe and illustrate their skeletal anatomy, clarify aspects of 
their anatomy discussed by previous researchers, and describe for the first time elements such as the 
hyoid and gill arches, scales, and the development of their lateral line canals. These data establish a 
foundation for the further anatomical and systematic studies of Stichaeidae, and Zoarcoidei generally.
Some members of Stichaeidae, including both species of Xiphister, have multiple lateral line 
canals on their trunk, which is a feature found in only 15 families of teleostean fishes. In the second 
chapter of my dissertation, the structure and ontogeny of lateral line canals of both species of Xiphister 
were studied using cleared & stained specimens and histology. Both species have seven cephalic canals 
and three paired canals on the trunk located on the dorsolateral, mediolateral, and ventrolateral body 
surfaces. The ventrolateral canal also includes a short loop across the ventral surface of the abdomen. 
The trunk canals and four short branches of the infraorbitals that extend across the cheek are supported 
by small ossified rings. The trunk canals develop asynchronously and separately from the development of 
scales, suggesting that the ossified rings that support the canals are not modified scales. Results from 
histology show that neuromasts, the sensory components of the mechanosensory system, are found only 
in the cephalic, dorsolateral, and mediolateral canals; the ventrolateral canal and its loop lack 
neuromasts. The evolution and functional role of multiple trunk lateral line canals is discussed.
The third chapter of my dissertation examines the phylogenetic systematics of Stichaeidae using 
106 morphological characters and 60 terminal taxa, including 30 genera of Stichaeidae, representatives 
from all eight other families of Zoarcoidei, and additional outgroup taxa. The suborder Zoarcoidei was 
recovered as a monophyletic group sister to Cottoidei within the order Cottiformes. Within Zoarcoidei, 
however, the family Stichaeidae was not recovered as a monophyletic family. Only two of the six 
subfamilies within Stichaeidae, Lumpeninae and Neozoarcinae, were recovered as monophyletic. The 
high level of homoplasy in the remaining four stichaeid subfamilies, and the inclusion of zoarcoid families 
nested within Stichaeidae, suggests that the current classification of Stichaeidae does not accurately 
reflect the evolutionary history of Zoarcoidei.
Phylogenetic Systematics of the Prickleback Family Stichaeidae (Cottiformes: Zoarcoidei) Using
Morphological Data
CHAPTER ONE: OSTEOLOGY OF THE PRICKLEBACK GENUS XIPHISTER (COTTIFORMES:
ZOARCOIDEI: STICHAEIDAE)
ABSTRACT
The two members of the genus Xiphister, X. atropurpureus and X. mucosus, are inter- and 
subtidal marine fishes from the west coast of North America, ranging from southern Alaska to southern 
California. Although both species were described over 150 years ago and portions of their anatomy have 
been described in several studies, a detailed description of their anatomy and morphology is lacking. In 
this paper, we describe and illustrate the skeletal anatomy of the genus, clarifying aspects of the skull roof 
and neurocranium, jaws, suspensorium, opercular series, vertebral column, dorsal and anal fins, trunk 
lateral line canals, and pectoral girdle. We describe for the first time the elements of the hyoid and gill 
arches and scales. The genus is one of several within Stichaeidae with multiple, complexly branching 
trunk lateral lines, a feature that is found in only fifteen families of teleostean fishes. The development of 
the lateral line canals and scales in Xiphister is discussed. Data reported herein will establish a 
foundation for the further anatomical and systematic studies of Stichaeidae, and Zoarcoidei generally.
INTRODUCTION
Members of the family Stichaeidae (pricklebacks) are typically small (<30 cm total length), 
elongate fishes found in intertidal, subtidal and continental slope waters of the North Pacific, Arctic and 
North Atlantic Oceans (Mecklenburg and Sheiko 2004). Makushok (1958) defined Stichaeidae as one of 
the most diverse of the “stichaeoid” families, classifying the 28 genera and 54 species he examined into 
eight subfamilies. Although Makushok (1958: p. 54) considered the family to be a definable taxonomic 
unit, he noted that"... [Stichaeidae] does not have a single structural peculiarity which in invariable form 
can be traced in all of its representatives.” Since Makushok’s work, further study of the family has resulted 
in the current classification of Stichaeidae with six subfamilies, 38 genera and about 82 species 
(Anderson 1984; 1994; Yatsu 1986; Mecklenburg and Sheiko 2004; Nelson 2006). The family is classified
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within the Cottiformes suborder Zoarcoidei (Imamura and Yabe 2002; Wiley and Johnson 2010), which 
contains nine families, including Stichaeidae, the ronquils (Bathymasteridae), gunnels (Pholidae), 
prowfish (Zaproridae), quillfish (Ptilichthyidae), wolffishes (Anarhichadidae), graveldiver (Scytalinidae), 
eelpouts (Zoarcidae), and wrymouths (Cryptacanthodidae). Zoarcoidei is defined by a number of 
morphological characters, many of which Gosline (1968) regarded as reductions from a “primitive" percoid 
condition associated with adaptations to benthic habitats. Imamura and Yabe (2002) noted similarities 
between Zoarcoidei and the “cottoid” lineage of the demonstrably paraphyletic “Scorpaeniformes." These 
shared similarities included a number of reductive characters such as the absence of a basisphenoid, a 
single pair of nostrils, and the absence of dorsal and anal fin stays (Imamura and Yabe 2002). Although 
generally accepted as a monophyletic group, the systematic relationships within Stichaeidae and the 
relationships of these fishes to other Zoarcoidei members remain unclear (Kartavtsev et al. 2009; 
Radchenko et al. 2009; Turanov et al. 2012). This poor understanding of the evolutionary history of 
Stichaeidae has been the result of two interrelated reasons. First, there has not been a taxonomicaliy 
comprehensive systematic analysis of the family. Perhaps more significantly, however, is that there is a 
lack of fundamental anatomical data available for many members of Stichaeidae, which greatly limits 
comparative morphological systematic studies of the family and its relatives.
Portions of the skeletal anatomy of some species of Stichaeidae have been described, often in 
the contect of species descriptions (Makushok 1958; 1961; Yatsu 1986; Miki et al. 1987; Posner and 
Lavenberg 1999; Shinohara and Yabe 2009). However, there are few comprehensive descriptions of 
skeletal anatomy for any member of the family. Makushok (1958) described various features, such as the 
neurocranium, caudal fin, hyoid arch, and pectoral girdle, of 30 species of Stichaeidae but never fully 
described any individual genus or species. Yastu (1986) illustrated cranial, pelvic girdle and caudal fin 
anatomy for most members of the subfamily Xiphisterinae but did not describe or discuss other features 
such as the suspensorium or gill arches. The most comprehensive descriptions of members of 
Stichaeidae are provided for the genera Emogrammus (Follett and Powell 1988) and Esselenichthys 
(Follett and Anderson 1990). Further, there is significant conflicting information on the anatomy of 
Stichaeidae in the literature. For example, Imamura and Yabe (2002) found Zoarcoidei to be the sister- 
group of the “scorpaeniform” suborder Cottoidei based on 13 synapomorphies, including the absence of
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supraneurals. However, supraneurals have been observed in the xiphisterines Esselenichthys spp. 
(Follett and Anderson 1990), Xiphister mucosus (Hilton 2009), and Anoptarchus purpurescens (Hilton 
2009).
The goal of this study is to describe and illustrate the skeletal anatomy of the stichaeid genus 
Xiphister (Fig. 1). Xiphister includes two species and the type genus of the most species-rich subfamily of 
Stichaeidae, Xiphisterinae, which has eight genera and 17 species. Both X. mucosus (Girard 1858) and 
X. atropurpureus (Kittlitz 1858) are found in rocky intertidal and subtidal waters from Alaska to southern 
California to depths of about 15 meters (Mecklenburg et al. 2002); Xiphister mucosus is typically found in 
open coastlines, whereas X. atropurpureus is found in both open coastlines and protected bays (Hart 
1973). Both species are well represented in collections due to their abundance in nearshore habitats, in 
which they can account for up to 31 % of the total fish abundance (Horn and Martin 2006). Specimens of a 
broad size range, including larvae, juveniles, and adults, can easily be collected (Wourms and Evans 
1974; Marliave and DeMartini 1977). In this chapter, I describe inter- and intraspecific variation in skeletal 
anatomy of these two species and clarify previously reported information on the anatomy of Xiphister, a 
commonly used exemplar for this diverse subfamily. These anatomical data serve as a baseline of 
comparison for ongoing studies of the osteology and systematics of Stichaeidae and other zoarcoid 
fishes.
MATERIALS AND METHODS
A total of 231 specimens of X. mucosus (26.5 -  267.8 mm TL; 42 cleared & stained, 189 alcohol- 
preserved) and 103 specimens of X. atropurpureus (49.8 -  153.2 mm TL; 12 cleared & stained, 91 
alcohol-preserved) were examined (see Materials Examined). Total length (TL) was used rather than 
standard length (SL) because the median fins are continuous, making it difficult to accurately measure 
SL, particularly for small individuals. Specimens were cleared and double stained for bone (alizarin red-S) 
and cartilage (alcian blue 8-GX) following methods modified from Dingerkus and Uhler (1977). Specimens 
not cleared and stained were x-rayed, and the radiographs were used to obtain meristic data.
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Measurements of TL, SL, head length (HL), predorsal-fin length (PDL), and preanal-fin length (PAL) were 
obtained to the nearest 0.1 mm with digital calipers. Osteological terminology follows Hilton (2009) and 
Hilton and Stevenson (2013).
Specimens were examined with either a Zeiss Stemi DV4 stereomicroscope or a Zeiss SteREO 
Discovery.V20 stereomicroscope equipped with an AxioCam HRc camera. Line illustrations were drawn 
electronically using Adobe Illustrator based on digital images. Brightness and contrast of photographic 
images were adjusted and backgrounds were cleaned using Adobe Photoshop. Descriptions and 
illustrations are largely based on X. mucosus, but differences between the two are noted.
RESULTS
General External Anatomy and Morphometric Data
Both species of Xiphister are elongate, slightly laterally compressed fishes with small heads, 
large, terminal mouths, small eyes, and short, blunt snouts (Fig. 1). They have long dorsal and anal fins 
that are confluent with the caudal fin, minute pectoral fins, and lack pelvic fins. The major external 
differences between the two species are color and dorsal-fin length. Xiphister mucosus is dark olive, grey, 
or black with two bands outlined in black emanating from the eye. The posterior portion of the body of 
large individuals of X. mucosus is often mottled and has dusky bars near the caudal fin base. Xiphister 
atropurpureus is a dark copper, reddish, or rust color with three bands outlined in white radiating from the 
eye. They generally lack the mottling of X. mucosus and have a more defined light bar across the base of 
the caudal fin. The dorsal-fin origin is positioned over the pectoral fin in X. mucosus, while it is positioned 
much farther posteriorly in X. atropupureus.
There were no significant differences between the two species for relative head length (f-test; t = - 
1.63; df = 215; P = 0.105), but there were significant differences for relative predorsal-fin length (f-test; t = 
16.06; df=  215; P < 0.001) and relative preanal-fin length (f- test; f = -24.76; df = 215; P <0.001).
Xiphister atropurpureus had a longer predorsal-fin length (average = 19.8% SL; n = 73) and shorter 
preanal-fin length (average = 43.3% SL; n = 73) than X. mucosus (average = 16.3% SL and 49.1% SL; n
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= 143, respectively). Plots of the predorsal-fin length and preanal-fin length to standard length indicate 
different ontogenetic trajectories for the two species (Fig. 2). Predorsal-fin length increases at a faster 
rate for X. atropurpureus (ANCOVA; F = 443.2; P < 0.001), and preanal-fin length increases at a faster 
rate for X. mucosus (ANCOVA; F = 498.3; P <0.001).
Skull Roof and Neurocranium
The largest bones of the skull roof are the paired frontals, which extend over half of the entire 
length of the neurocranium (Figs. 3A, 4A). Anteriorly, the frontals taper and together form a narrow 
interorbital bridge. The frontals meet along much of their midline margins, except anteriorly where they 
are slightly separated and expose the posterodorsal surface of the mesethmoid. The supraorbital sensory 
canal runs the length of the lateral margin of the frontals. Posteriorly, the frontals are broad and have an 
irregular, scalloped suture with the parietals. The paired parietals are roughly rectangular and separated 
from each other by the supraoccipital. The median supraoccipital is triangular in dorsal view and bears a 
narrow anterior projection and a wide, rounded posterior portion. The dorsal surface of the supraoccipital 
is smooth and lacks a crest. Much of the posterior lateral margins of the skull roof are formed by the 
autosphenotics anteriorly and the pterotics posteriorly. The autosphenotics are elongate bones and are 
positioned ventrally to the frontals and parietals. The ventral surfaces of the autosphenotics have 
concavities that articulate with the anterior articulatory head of the hyomandibula. The pterotics are 
wedge-shaped and carry the postotic sensory canal along their dorsal surface. The pterotics also have 
small, lateral projections on their ventral surfaces that articulate with the posterior articulatory head of the 
hyomandibula.
The basioccipital forms much of the posterior portion of the ventral floor of the neurocranium 
(Figs. 3C, 4C). It has a narrow projection that interdigitates anteriorly with the parasphenoid. Together 
with the prootics, exoccipitals, and pterotics, the basioccipital forms a pair of large bullae that surround 
the saccular otoliths. The posterior articular surface of the basioccipital is centrum-like and articulates with 
the first vertebral centrum. Dorsal to the basioccipitals are the paired exoccipitals, which form a dorsal 
arch over the foramen magnum. Each exoccipital bears a distinct condyle that extends posteriorly and 
articulates with processes on the dorsal surface of the first vertebral centrum. The vagus nerve exits the
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exoccipital just anterior to the condyle. The paired epioccipitals are round and contact the supraoccipital 
and parietals medially. They have short lateral projections on their dorsal surfaces that articulate with the 
posttemporals. The intercalars are small, triangular bones that contact the pterotics and exoccipitals. The 
prootics are irregularly shaped bones that form the central portion of the lateral surfaces of the 
neurocranium. Internally, they have chambers that house the anterior portion of all three otoliths. The 
prootics also feature a large foramen for the facial nerve (fVII) on their anterodorsal sides. The nasals are 
small, cylindrical bones that surround the anteriormost portion of the supraorbital sensory canal.
The median mesethmoid is narrow and positioned between the frontals and lateral ethmoids. A 
small remnant of the ethmoid cartilage connects the mesethmoid to the paired lateral ethmoids. The 
lateral ethmoids are broad, thin, wing-like bones that are positioned ventral to the anterior portion of the 
frontals. Ventral to the mesethmoid is the edentulous dermal vomer, which is broad and rounded 
anteriorly and tapers sharply posteriorly. The narrow posterior extension of the vomer is embraced on 
either side by the anterior projection of the parasphenoid. The parasphenoid is elongate with a thin 
anterior end and a broad posterior end that contacts the basioccipital. The body of the parasphenoid has 
two robust ascending ramii that form the middle portion of the neurocranium. The pterosphenoids are 
thin, crescent-shaped bones that are deep to the ascending rami of the parasphenoid.
Infraorbital Bones
The infraorbotal bones of Xiphister form a complete ring around the ventral and posterior portion 
of the eye and comprise five tubular bones (Fig. 5). The lacrimal (= infraorbital 1) is the largest bone of 
the series and is located anteroventral to the eye. The lacrimal supports a fully enclosed canal and has a 
long anterior projection that overlies the dorsolateral surface of the maxilla. Infraorbital 2 is tubular with a 
long projection on its anterior end that extends over the dorsal surface of the lacrimal and is nearly equal 
in size to the lacrimal. Infraorbital 3 is an almost fully enclosed tubular bone that curves slightly around 
the ventral portion of the eye. Infraorbitals 4 and 5 are the smallest of the series and form the posterior 
portion of the infraorbitals. The posteriormost infraorbital is a simple bony element and is not a 
dermosphenotic, which by definition encloses the branching point between the infraorbital, supraorbital, 
and supratemporal sensory canals.
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In both species of Xiphister, four branches of the infraorbital sensory canal are supported by a 
series of small, dermal, ring-like ossifications that extend from the posterior infraorbitals and extend 
across the cheek. One short branch extends from the ventral margin of infraorbital 2, while the remaining 
three branches are longer and originate between the junctions of infraorbitals 2 and 3, 3 and 4, and 4 and
5. These longer, more posterior canals also feature multiple, short branches and are highly pored.
The sclerotic capsule is fully cartilaginous; no sclerotic bones are present.
Jaws. Suspensorium. and Opercular Series
The upper jaws of Xiphister consist of paired premaxillae and maxillae (Figs. 6, 7A, B). The 
premaxillae have well-developed ascending processes that contact the rostral cartilage, which contacts 
the anterodorsal surface of the mesethmoid. Each premaxilla has a single row of conical teeth on its outer 
edge and a single large caniniform tooth on its anteroventral margin. Additionally, each premaxilla has a 
cluster of smaller teeth on the anterior portion medial to the caniniform tooth (Fig. 7A, B); the number of 
teeth in the cluster increases with body size. The paired maxillae are long, slightly curved bones with 
slender anterior ends that contact the interior dorsal surface of the premaxillae. The posterior ends of the 
maxillae are broad, flat, and have a distinct rounded hook. The maxillae extend posteriorly to lie lateral to 
the anguloarticular.
The lower jaws of Xiphister comprise paired dentaries, anguloarticulars, retroarticular, 
coronomeckelians, and Meckel’s cartilages (Figs. 6, 7C, D). The dentary is the largest bone of the lower 
jaw and has four pores on its ventral side for the mandibular sensory canal. A cluster of small, conical 
teeth is found on each dentary, the number of which increases with increasing body length. There is also 
a caniniform tooth near the anterior tip of each dentary. Posteriorly, the dentary is deeply notched to 
accommodate a narrow anterior extension of the anguloarticular, which is a robust triangular bone. 
Meckel’s cartilage is a thin elongate strip of cartilage that extends along the ventral margin of the anterior 
portion of the anguloarticular. The small retroarticular is far removed from the jaw joint and is positioned 
at the posteroventral corner of the jaw. The coronomeckelian is a small, rectangular bone located on the 
dorsal surface of Meckel’s cartilage on the anterior portion of the anguloarticular.
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The suspensorium is formed by the palatine, endopterygoid, ectopterygoid, metapterygoid, 
quadrate, symplectic, and hyomandibula (Fig. 6). The palatine is the anteriormost bone of the 
suspensorium. It has a long, rod-like process anteriorly and extends posteriorly to the middle of the orbit. 
The endopterygoid is a thin, rectangular sheet of bone. The ectopterygoid is elongate with a thin anterior 
end and a broad posterior end that bridges the palatine and quadrate. The metapterygoid, which is 
located dorsal to the quadrate, is large and thin and broadly contacts the hyomandibula along its dorsal 
margin. The posteroventral process of the quadrate is distinct and forms a deep posterior notch to 
accommodate the elongate symplectic. The hyomandibula is large with two dorsal cartilaginous-capped 
heads; the anterior head articulates with the prootic and autosphenotic, and the posterior head articulates 
with the pterotic. The opercular process of the hyomandibula is elongate and its cartilage-capped surface 
fits into a deep socket at the anterodorsal comer of the opercle. The body of the hyomandibula is 
relatively short and is continuous with the remnant of the hyosymplectic cartilage, which separates it from 
the symplectic. The symplectic is long and narrow, fits into the notch of the quadrate, and has a cartilage 
cap on its ventral tip.
The opercular series of Xiphister comprises the preopercle, opercle, subopercle, interopercle, and 
branchiostegals. The branchiostegals are described and illustrated below with the ventral portion of the 
hyoid arch because of their close associations with the ceratohyals. The preopercle is narrow and slightly 
curved. The dorsal end of the preopercle is lateral to the hyomandibula and its ventral end is lateral to the 
interopercle and the posteroventral process of the quadrate. The surface of the preopercle bears a large 
canal, which opens through five pores. The opercle is triangular and has a distinct articulatory surface to 
receive the opercular head of the hyomandibula. The subopercle is sickle-shaped and overlaps the 
ventral portion of the opercle laterally. Most notably, the subopercle supports a long, thin posterior 
extension and thin lamellar sheets of bone extending from its ventral margin. The interopercle is thin and 
rectangular and is positioned medial to the preopercle.
Ventral Portion of Hvoid Arch
The ventral portion of the hyoid arch comprises paired interhyals, anterior and posterior 
ceratohyals, dorsal and ventral hypohyals, and the median basihyal and urohyal (Fig. 8). The interhyal is
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a short, pear-shaped bone with rounded cartilaginous tips. It articulates dorsally with the cartilage 
between the symplectic and hyomandibular. The distal tip of the interhyal articulates into a slight 
depression on the dorsal surface of the posterior ceratohyal. The posterior ceratohyal is triangular and 
contacts the anterior ceratohyal through a large cartilage-filled suture; there is no interdigitation between 
the two bones. It has a slightly concave dorsal surface and a more concave ventral surface. The ventral 
surface of the anterior ceratohyal features two pronounced hooks anterior to branchiostegal one and 
between branchiostegals one and two. The dorsal hypohyal is a small, blocky element that contacts the 
anterior arm of the anterior ceratohyal while the ventral hypohyal is larger. The posterior surface of the 
ventral hypohyal forms a small cup that surrounds the tip of the anterior ceratohyal. The anterior surfaces 
of the left and right ventral hypohyals are in close approximation along the ventral midline. The basihyal is 
long and largely rod-like with a broadly flared cartilaginous anterior margin (Fig. 9). The urohyal is thin 
and laterally compressed with a shallow concavity on its posterior margin (Fig. 8C). It is positioned just 
posterior to the ventral hypohyals.
There are six dermal branchiostegals. Four are associated with the anterior ceratohyal, one with 
the cartilage between the anterior and posterior ceratohyals, and one with the posterior ceratohyal. All 
branchiostegals are relatively elongate, slightly curved, and are of similar length and width.
Gill Arches
There are three ossified basibranchials located along the ventral midline (Figs. 9,10). The first 
three basibranchials (bb1-3) are ossified within the anterior basibranchial copula. Basibranchial 1 (bb1) is 
small and pear-shaped, bb2 is small and roughly diamond-shaped, and bb3 is the longest of the series 
and rod-like. The posterior basibranchial copula (= bb4) is completely cartilaginous and articulates with 
both ceratobranchial 4 and hypobranchial 3. There are three hypobranchials on each side (hb1 -3), the the 
first two of which are flat, rectangular elements. Hypobranchial 3 is more square with a broad posterior 
shelf with narrower anterior end that is positioned ventral to hb2 (Fig. 9B). Ceratobranchials 1-4 (cb1-4) 
are elongate, slightly curved elements that support gill filaments on their ventrally concave surfaces (Fig. 
9B). Ceratobranchial 5 is a slender element that supports a small patch of conical teeth across much of 
its dorsal surface (Figs. 9,10); posterior to the teeth, cb5 tapers slightly to a point.
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The dorsal portion of the gill arches comprises three infrapharyngobranchials (iph2-4) and four 
epibranchials (eb1-4) and their associated toothplates (Fig. 11). Infrapharyngobranchials 2 and 3 are 
broad and flat with conical toothplates fused to their oral surfaces. Infrapharyngobranchial 4 is a small 
cartilaginous element wedged between eb3 and eb4 and supports a small toothplate. Epibranchials 1 and 
2 are rod-like bars with shallow shelves on their posterior ends. Epibranchial 3 is the smallest of the 
series and bears a distinct uncinate process that contacts a cartilaginous pad in the center of eb4. 
Epibranchial four is similar in size and shape to eb1 and eb2.
Gill rakers are present on all ceratobranchial and epibranchial elements except for cb5 and eb4 
(Fig. 10). The gill rakers of cb1 are long, thin and spine-like. However, gill rakers gradually shorten and 
increase robustness from cb1 through cb4, such that they are short, stout elements on cb4.
Vertebral Column
There are 27-32 abdominal vertebrae (n = 58, mode = 29), 44-51 caudal centra (n = 58, mode = 
49), and 72-83 total vertebrae (n = 58, mode = 78; Table 1) in X. mucosus is. In X. atropurpureus, there 
are 22-25 abdominal vertebrae (n = 33, mode = 24), 48-54 caudal centra (n = 33, mode = 51), and 70-78 
total vertebrae (n = 33, mode = 75; Table 1). The difference in the number of abdominal vertebrae 
between the two species is significant (t-test; t = 25.495; df = 89; P < 0.001), as is the difference in total 
vertebrae (t-test t = 4.955; df = 89; P < 0.001;). However, the overlap between species in the total 
vertebrae count means that only the abdominal vertebral counts, which do not overlap, are useful in 
distinguishing the two species.
There is a single teardrop-shaped supraneural positioned between the neurocranium and first 
neural spine in both species of Xiphister (Figs. 12,13). In small specimens, the supraneural is very small 
and does not stain well, but in specimens over 100 mm TL it becomes more distinct. The two anteriormost 
centra are compressed, blocky structures approximately one-half the length of more posterior centra and 
lack parapophyses. More posterior centra are asymmetrical, with a constriction anteriorly shifted (i.e., the 
hourglass-shaped centra are “pinched" slightly anterior to the midpoint of the spool); this asymmetry, 
however, is not as extreme as reported in the zoarcoid Ptilichthys (Hilton and Kley 2005). The neural
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arches bear well-developed pre-zygapophyses and less developed post-zygapophyses beginning on 
vertebrae 3 and continuing through the caudal vertebrae. The neural spines are relatively stout anteriorly 
on the body and smoothly become less robust posteriorly, such that the posterior arches are about half 
the width of the anterior arches. The neural spines are angled slightly posteriorly throughout. At the base 
of most neural arches is a single large foramina positioned centrally on the neural arch with 1-3 smaller 
foramina scattered ventral to it close to where the neural arch attaches to the centrum. Occasionally, 
single foramina are present on haemal arches as well. Distinct parapophyses are found on all but the two 
anteriormost abdominal vertebrae. The parapophyses gradually lengthen posteriorly within the abdominal 
region. Throughout the caudal region the width of haemal spines is constant and narrower than neural 
spines.
Ribs begin on vertebrae 3 and contact the posteroventral surface of the parapophyses (Figs. 12, 
13,14). There is significant variation in the structure of the ribs along the length of the abdominal region 
(Fig. 14). The anteriormost 3-5 pairs of ribs are short, thick and ventrolaterally directed. By vertebrae 6-8, 
however, they are small nubbins of bone. At vertebrae 11-14 and become longer, more slender, and 
posteriorly directed throughout the remainder of the abdominal region.
Well-developed epineurals are present on vertebrae 1 through vertebrae 52-57 in X. mucosus or 
vertebrae 1 through vertebrae 45-47 in X. atropurpureus. The first two epineurals, associated with the first 
two vertebrae, are long and stout and are positioned on the dorsal surface of the centra. More posteriorly, 
they grade smoothly from long elements anteriorly to short elements posteriorly and shift to a more 
ventral position on the centrum. In the abdominal region, epineurals are not tightly joined to vertebrae, but 
in the caudal region they are more closely associated with centra, though still not in direct contact.
Dorsal and Anal Fin and Supports
Dorsal fins in both species of Xiphister are supported solely by stout spines; there are no soft rays 
present as in other genera of Stichaeidae (Mecklenburg and Sheiko 2004). There are 66-79 dorsal-fin 
spines (n = 58, mode = 70) in X. mucosus and 65-73 (n = 33, mode = 70) in X. atropurpureus (Table 1).
In both species, the dorsal-fin spines are short anteriorly; posteriorly they are about equal in length or only
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slightly shorter than their supporting pterygiophores (Fig. 12). There are between 1 and 4 free dorsal-fin 
pterygiophores (i.e., lacking associated spines) in X. mucosus and between 3 and 5 in X. atropurpureus 
(Fig. 13). The first free pterygiophore inserts between the 1st and 2nd neural spines in about 67% of X. 
mucosus (14 of 21) and 18% of X. atropurpureus (1 of 6) or 2nd and 3rd neural spines in about 33% of X. 
mucosus (7 of 21) and 82% of X. atropurpureus (5 of 6).
In both species there is a single short anal-fin spine followed by a series of segmented, 
unbranched fin rays. The first anal-fin proximal middle radial (pmr) is a small sliver of bone and is 
positioned in close association with pmr 2. In 19% of the X. mucosus examined (3 of 16) pmr 1 was fused 
to pmr 2. There are 40-51 anal-fin rays (n = 58, mode = 47) in X. mucosus and 42-52 (n = 33, mode = 52) 
in X. atropurpureus (Table 1). Anal-fin rays are short anteriorly and long posteriorly. Anal-fin rays embrace 
distal radials, which are present as small, round cartilages. A single dorsal- or anal-fin pterygiophore is 
associated with each intemeural or interhemal space.
Caudal Fin and Supports
The dorsal, anal, and caudal fins are continuous externally, but there are one to three vertebrae 
between the insertion of the posteriormost dorsal- and anal-fin pterigiophores and the ural centrum 
complex (consisting of a fused preural centrum 1 and ural centrum) that supports the caudal-fin rays (Fig. 
15). The caudal fin bears 12-14 principal caudal-fin rays, most often arranged in a 6+7 configuration, as 
well as four or five dorsal and two or three ventral procurrent rays. Dorsally, the caudal-fin rays are 
supported by epurals, uroneurals, and two posterior hypurals. There are three straight, stout epurals that 
fit into a groove formed by the left and right uroneurals. The uroneurals are free from the ural centrum and 
curve posterodorsally. The two hypurals dorsal to the diastema (here termed hypurals 2 and 3) are both 
wedge-shaped with the most dorsalmost being the larger of the two. The ventral caudal-fin rays are 
supported by a fused parhypural-hypural 1 complex and the haemal spine of preural 2. Although the 
presumed fusion of the parhypural-hypural complex had already taken place in the smallest specimens 
examined in this study (26.5 mm TL, Fig. 15A), this complex is considered to contain the parhypural 
because the caudal vein clearly runs through this plate.
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Pectoral Girdle. Fins, and Supports
The cleithrum is a robust, strongly curved element and is the largest element of the pectoral girdle 
(Fig. 16). The left and right cleithra approach each other toward the ventral midline but do not come into 
contact. The cleithra have thin lamellae that extend from the posterodorsal margin. Dorsolateral to the 
cleithrum is the supracleithrum, which is a stout element that rests in a notch on the medial surface of the 
cleithrum. The dorsal portion of the supracleithrum encloses the sensory canal it receives from the trunk 
lateral line. The posttemporal is the smallest dermal element of the pectoral girdle and articulates with the 
supracleithtrum posteriorly. Anteriorly, it contacts a dorsolateral process on the exoccipital and has a 
weakly developed ventral arm. Ventrally, the posttemporal overlaps a dorsal process on the 
supracleithrum. Two small, cylindrical extrascapulars carry the lateral line from the postotic canal to the 
posttemporal.
The chondral portion of the pectoral girdle includes the scapula, coracoid, and the remnants of 
the scapulocoracoid cartilage. The coracoid is a wedge-shaped element with a slightly curved ventral tip. 
The scapula is a rectangular element. The scapula only partly encloses the scapular foramen; the ventral 
portion of the foramen is mostly enclosed by the scapulocoraoid cartilage.
There are four ossified radials. The dorsalmost radial is the smallest, and the radials increase in 
size ventrally. There are 12-14 pectoral-fin rays, all of which are extremely short and segmented. At sizes 
above 100 mm TL all pectoral-fin rays are branched. There are no distal radials.
Pelvic Girdle. Fins, and Supports
Pelvic fins are lacking in both species of Xiphister, though paired pelvic bones are present. These 
are short rod-like elements that contact the medial surfaces of the cleithra (Fig. 16). The pelvic bones 
approach but do not contact each other along the ventral midline.
Trunk Lateral Line
Both species of Xiphister have seven complexly branching trunk lateral line canals: three paired 
canals (Fig. 17) and one short dorsomedial canal (DMC), which extends from behind the skull roof to the
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first dorsal-fin pterygiophore (Fig. 18A, B). The paired canals are located on the dorsolateral (DLC), 
mediolateral (MLC), and ventrolateral (VLC) surfaces of the body and extend the length of the body (Fig. 
17). The DMC and the paired DLC canals connect to the cephalic sensory canals, whereas the MLC and 
VLC canals do not. The ventrolateral canal features a short ventral loop (VLC-L) that is positioned 
between the pectoral girdles and anus. The left and right VLC canals share a connection along the ventral 
midline through an anterior median extension between the left and right pectoral girdles (Fig. 18C, D). All 
trunk canals are supported by small, dermal, ring-like ossifications (Fig. 17E). The branching pattern for 
all canals is formed by short alternating dorsal and ventral segments with one dorsal and one ventral 
branch per myomere. The canal network is highly pored; there are no pores along the main trunk lateral 
line canals, but each dorsal and ventral branch has between 1-3 pores.
The dorsomedial and dorsolateral canals develop first in ontogeny at about 32 mm TL, extending 
posteriorly from the cephalic canal network. The ventrolateral canal develops at about 35 mm TL 
beginning above the anal-fin origin and lengthening first posteriorly then anteriorly. The mediolateral canal 
develops last in ontogeny, at about 47 mm TL, appearing just posterior to the pelvic girdle and extending 
posteriorly. Each canal begins as a relatively straight, unbranched tube supported by the ring-like 
ossifications and then develops alternating dorsal and ventral branches. The dorsomedial canal is fully 
developed by 58 mm TL and extends to ~8% of total length. The paired canals develop rapidly and 
extend to >80% of total length by 68 mm TL.
Scales
Both species of Xiphister have small, deeply embedded, widely separated ctenoid scales on the 
trunk of the body but lack scales on the head and cheek (Fig. 19). Each scale has a thin central focus that 
is covered by a veneer of bone. Surrounding this focus is a thickened circular ridge.
Scale development in Xiphister is closely associated with the development of the complex lateral 
line canals. Scales appear only once all three lateral lines have developed and begin to branch, at about 
58 mm TL, and form initially between the branches (Fig. 19B). Scales develop in an anterior-posterior 
direction. By 88 mm TL the body is fully scaled.
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DISCUSSION
Previous Studies of Xiphister
Portions of the skeletal anatomy of Xiphister have been illustrated and described in several 
previous studies (Makushok 1958; 1961; Yatsu 1986; Hilton 2009). Makushok (1958) illustrated aspects 
of Xiphister in his study of the “northern blennioid" fishes, including parts of its neurocranium, pectoral 
girdle, dorsal, anal and caudal fins, portions of the vertebral column, infraorbital series, portions of the oral 
jaws, digestive tract, adductor mandibulae, and the anterior portion of the trunk lateral line. Most of these 
illustrations were based on a single 42 mm specimen. Although his illustrations were detailed, his 
discussion was focused on modification of the skull roof to support the robust jaw musculature found in 
both species of Xiphister. In particular, the large adductor mandibulae of both species of Xiphister have 
broad attachments on the dorsal surface of the neurocranium, creating what Makushok referred to as a 
greatly reduced orbital region of the skull and a constricted skull roof posterior to the interorbital region. 
Although the adductor mandibualae of Xiphister indeed are robust and meet at the dorsal midline, our 
examinations of the neurocranium do not reveal obvious modifications to support this musculature, except 
for the slight lateral fossae that serve as the origin sites (i.e., no extreme crest develops along the 
midline). Makushok (1958) also illustrated and discussed several features of Stichaeidae using Xiphister 
as examples. He used X. mucosus to show that members of the subfamilies Xiphisterinae, Alectriinae, 
and Azygopterinae (now Neozoarcinae) feature thickened anterior ribs that are set at right angles to their 
associated vertebrae. He noted that other stichaeid taxa have slender anterior ribs that are angled 
posteriorly. Additionally, he showed that X. atropurpureus and several other members of Stichaeidae 
feature a high number of free dorsal pterygiophores. Free dorsal pterygiophores also have been observed 
in other members of Zoarcoidei, including Scytalinidae (Hilton 2009) and several species of Zoarcidae 
(Anderson 1984). Makushok (1958) cited two characters to distinguish Xiphister from other genera of 
Stichaeidae: the combination of a single weakly developed anal-fin spine and a ventral loop of the ventral 
lateral line canal along the abdomen. However, the genera Esselenichthys and Phytichthys also feature a
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ventral loop of the ventral lateral line canal and small anal-fin spines, suggesting these characters may 
define a more inclusive group of stichaeids (e.g., at least some members of the subfamily Xiphisterinae).
In his study of the Stichaeidae subfamilies Cebidichthyinae and Xiphisterinae, Yatsu (1986) 
illustrated the trunk lateral lines, neurocrania, infraorbital series, pectoral girdles, and caudal fins of a 160 
mm TL specimen of X. mucosus and a 79 mm TL specimen of X. atropurpureus. He noted the similarities 
in lateral line morphology of X. mucosus, X. atropurpureus, and Phytichthys chirus and united them 
together with Emogrammus hexagrammus into the subfamily Xiphisterinae; Emogrammus has more 
recently been considered to be in the subfamily Stichaeinae by Mecklenburg and Shieko (2004), following 
the early work of Makushok (1958). Yatsu (1986) provided a very limited discussion of skull anatomy of 
Xiphister, noting that the posterior portion of the skull is broad and depressed and that the adductor 
mandubulae are large and meet on the dorsal surface of the neurocranium. Yatsu (1986) used 26 
morphological characters to construct a phytogeny of the subfamilies Xiphisterinae and Cebidichthyinae. 
Some of the character states he identified, however, are incorrectly applied to Xiphisterinae. For instance, 
he identified the insertion of the first dorsal pterygiophore as between the 2nd and 3rd vertebrae in both X. 
mucosus and X. atropurpureus. In specimens we examined, some individuals from both species have the 
first dorsal pterygiophore inserting between the 1sl and 2nd vertebrae. The insertion of the first dorsal 
pterygiophore between the 1s’ and 2nd vertebrae was defined as the alternative character state and was 
used to distinguish Xiphister from the genera Phytichthys and Emogrammus', this was the most frequent 
condition in X. mucosus in the present study. Yatsu (1986) also states that the pelvic bone is absent in X. 
atropurpureus. Our observations show that X. atropurpureus do have pelvic bones, although in some 
individuals they are reduced to small nubbins of bone. Finally, Yatsu (1986) stated that hypural 3 and 4 
(hy2 and hy3 here) are fused in X. mucosus but are separate in all other Xiphisterinae. Our observations 
of X. atropurpureus show that in many individuals these elements are separated, not fused. Therefore, 
each of the apomorphic characters Yatsu (1986) identified for X. mucosus (hypural fusion) and X. 
atropurpureus (reduced pelvic girdle) are not accurate.
Our study expands the previously reported range of meristics for abdominal and total vertebrae, 
dorsal-fin spines, and anal-fin rays for both species of Xiphister. Here, we found a wider range of
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abdominal vertebrae (27-32 for X. mucosus and 22-25 for X. atropurpureus) and total vertebrae (72-83 for 
X. mucosus and 70-78 for X. atropurpureus) than previously reported. For instance, Watson (1996) 
reported a range of 29-31 abdominal vertebrae and 73-83 total vertebrae for X. mucosus and 22-24 
abdominal and 73-80 total vertebrae in X. atropurpureus. Dorsal-fin spines ranged from 66-79 for X. 
mucosus to 65-73 in X. atropurpureus, while Mecklenburg et al. (2002) report 71-78 for X. mucosus and 
65-72 for X  atropurpureus. Finally, anal-fin rays ranged from 40-51 in X. mucosus and 44-53 in X. 
atropurpureus, whereas published ranges are between 46-50 for X. mucosus and 49-55 for X. 
atropurpureus (Matarese et al. 2014).
Morphological Variation in Xiphister
The wide range of meristic values indicates the degree of variation between individuals of both 
species of Xiphister. In addition to differences in the number of fin spines and rays, variation is seen in the 
number of free dorsal-fin pterygiophores, which vary between 1-5, position of the first dorsal-fin 
pterygiophore, which inserts between the 1sl and 2nd or 2nd and 3rd neural arches, and the degree of fusion 
of neural and haemal arches in the caudal fin. Almost all specimens examined in this study have some 
degree of fusion of vertebrae and arches in the caudal fin (Fig. 15). In some cases there is an “extra” 
neural or haemal spine associated with a single centrum (Fig. 15C, F), while in other specimens two 
centra and their associated arches are fused. Despite the high degree of skeletal variation among 
individuals, there are several key external morphological and internal skeletal characters that can be used 
to distinguish the two species of Xiphister. Externally, skin color can be used to distinguish between larger 
specimens, with X. mucosus having a dark skin color and black lines radiating from the eye and X. 
atropurpureus having a reddish-black color with white lines radiating from the eye. However, 
distinguishing between species based on color can be difficult in smaller, post-larval specimens, 
individuals that have faded due to preservation in alcohol, or when only one species is present and the 
contrast between species is not apparent. Another external feature that distinguishes between species is 
the location of the dorsal-fin origin. The dorsal-fin origin is positioned more posteriorly in X. atropurpureus 
due to the increased number of free dorsal-fin pterygiophores. The difference in dorsal-fin origin between 
species is statistically significant and is most apparent at sizes greater than 50 mm TL (Fig. 2). Although
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the difference in anal-fin origin also is statistically significant between species, this is relatively minor, and 
it is not easy to distinguish between species based on this character alone.
Internal skeletal differences provide a far more reliable method to distinguish the two species. In 
particular, X. atropurpureus has fewer abdominal vertebrae than does X. mucosus. Although there is 
some individual variation within both species, there is a maximum of 25 abdominal vertebrae in X. 
atropurpureus and a minimum of 27 in X. mucosus (Table 1). The greater number of abdominal vertebrae 
in X. mucosus could be related to their herbivorous diet. Both species of Xiphister begin life as carnivores, 
but X. mucosus transitions to an exclusively algal diet at about 45 mm TL (Horn et al. 1982). Herbivorous 
fishes typically have longer digestive tracts than omnivores or carnivores (Al-Hussaini 1947; Elliott and 
Bellwood 2003; German et al. 2010), which allows for increased residence time in the gut for digestion of 
plant material and greater surface area for absorption of nutrients (Horn 1989). A greater number of 
abdominal vertebrae in X. mucosus could provide more space within the abdominal cavity to facilitate 
longer intestines.
Comparisons Within Xiphisterinae
The subfamily Xiphisterinae currently contains nine genera and 18 species (Mecklenburg and 
Sheiko 2004), making it the most species-rich subfamily of Stichaeidae. Within the subfamily, Xiphister 
and Phytichthys are the most morphologically similar. Both feature similar body shape and trunk lateral 
line structure, including branches of the infraorbital sensory canal, and it is sometimes difficult to 
distinguish between genera (Hart 1973). However, a number of features set them apart. For example, 
Phytichthys has two or three large anal-fin spines, lack free dorsal-fin pterygiophores and supraneruals, 
and have larger pectoral fins than Xiphister. The other species of Xiphisterinae have greater variation in 
skeletal and lateral line morphology.
Several studies have examined the morphology of Stichaeidae and their relatives in an attempt to 
understand their relationships (Makushok 1958; Stoddard 1985; Yatsu 1986), and some have dealt 
explicitly with the relationships of Xiphisterinae (Stoddard 1985; Yatsu 1986; Follett and Anderson 1990). 
Makushok (1958) united four genera of Xiphisterinae based on character evolution within the group and
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biogeography but could not identify synapomorphies to distinguish the subfamily from other stichaeids. In 
his pre-cladistic study, Makushok (1958) described a gradient of evolutionary changes through the 
Xiphisterinae from Dictyosoma -  Cebidichthys -  Phytichthys -  Xiphister that represented a trend for 
skeletal reduction and specialization within the subfamily. For example, Dictyosoma has a sigle post- 
cleithral element whereas the other genera lack this element. Both Dictyosoma and Cebidichthys have 
occipital crests and teeth on the vomer and palatine, while Phytichthys and Xiphister lack these features. 
The genera Xiphister and Phytichthys had the highest degree of skeletal reduction and are most 
anatomically similar among the Xiphisterinae (e.g., no occipital crest, no teeth on vomer or palatine, no 
post-cleithral elements, dorsal fin composed entirely of short spines, similar tooth patterns, small pectoral 
and pelvic fins, asymmetrical vertebral centrae, cheek branches of the suborbital sensory canal, etc.), 
which led Makushok (1958) to consider them to be sister genera.
Stoddard (1985) conducted a cladistic analysis of Xiphisterinae using 49 morphological 
characters for 12 genera and 20 species representing five of the six subfamilies of Stichaeidae. He 
recovered Xiphisterinae as a well-established monophyletic group within Stichaeidae based on seven 
synapomorphies and one convergence, including the following: 1) anterior ribs long, massive, 2) pectoral 
fin small, 3) dorsal-fin spine gradation moderate, 4) pelvic spine absent, 5) post-occipital lateral line canal 
well-developed, 6) twelve or fewer pectoral fin rays, 7) pelvic fin reduced or absent, and 8) reduced 
number of postcleithral elements. Stoddard’s (1985) results largely agreed with the conclusions of 
Makushok (1958), except he also recovered three genera that comprised Makushok's subfamily 
Alectrinae within the subfamily Xiphisterinae. As a result, Stoddard (1985) divided the subfamily 
Xiphisterinae into the tribes Alectriini, which included the genera Alectrias, Anoplarchus, and 
Pseudalectrias, and Xiphisterini, which included the genera Cebidichthys, Dictyosoma, Esselenichthys, 
Phytichythys, and Xiphister. The major difference between the tribes is the presence of a complex 
multiple trunk lateral line system in Xiphisterini, whereas the Alectriini lack trunk lateral lines altogether.
While several recent studies have used morphological and molecular data to examine the 
relationships among members of Zoarciodei (e.g., Kartavtsev et al. 2009; Kim et al. 2013; Radchenko et 
al. 2009; 2010; 2012; Rutenko and Ivankov 2009; Zemnukhov 2012), none of these studies have included 
enough xiphisterine taxa to adequately test relationships within the subfamily. More data, both from
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morphological and molecular sources, is needed to address the relationships of Xiphisterinae, and, more 
broadly, the family Stichaeidae and suborder Zoarcoidei.
MATERIAL EXAMINED
All specimens listed below are alcohol-stored specimens, unless indicated as cleared and stained (c&s) 
or dry skeletons (ds). Total lengths (TL) for c&s specimens are provided.
Anarhichadidae. Anarhichas lupus: USNM 398027, 1 c&s specimen (52 mm TL).
Bathymasteridae. Ronquilis jordani: VIMS 13456, 4 specimens, includingl c&s specimen (130
mm TL).
Pholldae. Apodichthys falvidus: VIMS 17762,1 c&s specimen (142 mm TL).
Pholis laeta: VIMS 17690,1 c&s specimen (151 mm TL).
Stichaeidae. Cebidichthys violaceus: MCZ 64791, 4 specimens; CAS 57574, 27 specimens, 
including 2 c&s specimens (60-116 mm TL).
Dictyosoma burgeri: USNM 398924,1 specimen; USNM 398026,1 c&s specimem (97 mm TL).
Emogrammus hexagrammus: USNM 398021,1 specimen; USNM 398017,1 specimen; USNM 
398017A 1 c&s specimen (75 mm TL).
Esselenichthys laurae: LACM 45428-1, 5 specimens, including 1 c&s specimen (91 mm TL).
Leptodinus maculatus: CAS 14433 11 specimens, including 1 c&s specimen (102 mm TL); UW 
049810, 6 specimens, including 1 c&s specimen (109 mm TL).
Phytichthys chirus: VIMS 17763,1 c&s specimen (129 mm TL); VIMS 17683, 1 c&s specimen 
(126 mm TL).
Stichaeus punctatus: UW 045971, 3 specimens, including 1 c&s specimen (103 mm TL).
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Xiphister atropurpureus: VIMS 17684, 57 specimens; VIMS 17679,11 specimens; VIMS 17663, 2 
specimens; VIMS 17757,1 specimen; VIMS 17767, 3 specimens; VIMS 17681, 2 specimens; VIMS
17673.1 specimen; VIMS 17748, 4 specimens; VIMS 17740, 3 specimens; VIMS 17779, 4 specimens; 
VIMS 17784, 5 specimens; VIMS 12111, 8 specimens; VIMS 17822, 2 c&s specimens (50-58 mm TL); 
VIMS 17823,1 c&s specimen (80 mm TL); VIMS 17742,1 c&s specimen (143 mm TL); VIMS 17824,1 
c&s specimen (77 mm TL); VIMS 17825,1 c&s specimen (127 mm TL); VIMS 17826,1 c&s specimen 
(153 mm TL); VIMS 177664, 2 c&s specimens (58-59 mm TL); VIMS 17768,1 c&s specimen (140 mm 
TL); VIMS 17741,1 c&s specimen (145 mm TL); 17742,1 c&s specimen (144.2 mm TL).
Xiphister mucosus: VIMS 17686,17 specimens; VIMS 17693, 51 specimens; VIMS 17667, 2 
specimens; VIMS 17680, 32 specimens; VIMS 17764, 2 specimens; VIMS 17661, 2 specimens; VIMS
17677.1 specimen; VIMS 17751, 8 specimens; VIMS 17678, 20 specimens; VIMS 17783, 5 specimens; 
VIMS 17777, 3 specimens; VIMS 17771, 6 specimens; VIMS 17785, 7 specimens; VIMS 12109, 10 
specimens; VIMS 17827, 13 specimens; VIMS 17791, 3 specimens; VIMS 17785, 7 specimens; VIMS 
17807, 1 c&s specimen (106 mm TL); VIMS 17809,1 c&s specimen (108 mm TL); VIMS 17820,1 c&s 
specimen (158 mm TL); VIMS 17812,1 c&s specimen (35 mm TL); VIMS 17808,1 c&s specimen (116 
mm TL); VIMS 17753,1 c&s specimen (134 mm TL); VIMS 17752,1 c&s specimen (60 mm TL): VIMS
1778.1 c&s specimen (268 mm TL); VIMS 17798,1 c&s specimen (91 mm TL); VIMS 17797, 1 c&s 
specimen (68 mm TL); VIMS 17682,1 c&s specimen (215 mm TL); VIMS 17698, 3 c&s specimens (98- 
105 mm TL); VIMS 17699, 2 c&s specimens (99-128 mm TL); VIMS 17697, 8 c&s specimens (96-157 
mm TL); VIMS 17700,1 c&s specimen (107 mm TL); VIMS 17754,1 c&s specimen (147 mm TL); VIMS 
17755, 1 c&s specimen (140 mm TL); VIMS 17815, 1 c&s specimen (148.7 mm TL); VIMS 17766,1 ds 
specimen (190 mm TL); VIMS 17786,1 c&s specimen (73.5 mm TL); VIMS 17821, 1 c&s specimen 
(102.8 mm TL); VIMS 17753,1 c&s specimen (138.4 mm TL); VIMS 17668,1 c&s specimen (26.5 mm 
TL); VIMS 17817, 1 c&s specimen (44.2 mm TL); VIMS 17779,1 c&s specimen (72.3 mm TL); VIMS 
17816, 1 c&s specimen (83.3 mm TL); VIMS 17738, 1 c&s specimen (102.9 mm TL); VIMS 17737, 1 c&s 
specimen (214.5 mm TL); VIMS 17813,1 c&s specimen (32.4 mm TL); VIMS 17792,1 c&s specimen 
(39.7 mm TL); VIMS 17796,1 c&s specimen (87.8 mm TL); VIMS 17788, 1 c&s specimen (97.1 mm TL); 
VIMS 17662, 1 c&s specimen (68.1 mm TL).
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Zoarcidae. Lycodes pacificus: VIMS 17656,1 c&s specimen (148 mm TL).
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Figure 1. Photograph of (A) the Rock Prickleback, Xiphister mucosus, (VIMS 17686; 127.5 mm TL) and 
(B) the Black Prickleback, X. atropurpureus (VIMS 17684; 152.3 mm TL). Scale bars represent 10 mm.
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Figure 2. Relationships of (A) pre-dorsal and (B) pre-anal length in Xiphister. Open circles are Xiphister 
mucosus and filled circles are X. atropurpureus.
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Figure 3. Xiphister mucosus (VIMS 17815; 148.7 mm TL). Skull roof and neurocranium in (A) dorsal view, 
(B) lateral view, and (C) ventral view. Bone in white, cartilage in black. Anterior facing left. Abbreviations: 
asp, autosphenotic; boc, basioccipital; epo, epiocipital; exo, exoccipital; fVII, foramen for the facial nerve; 
fX, foramen for the vagas nerve; fr, frontal; ic, intercalar; let, lateral ethmoid; met, mesethmoid; n, nasal; 
pa, parietal; pas, parasphenoid; pro, prootic; pto, pterotic; pts, pterosphenotic; soc, supraoccipital; v, 
vomer. Scale bars represent 2 mm.
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Figure 4. Xiphister mucosus (VIMS 17766; 190 mm TL). Skull roof and neurocranium in (A) dorsal view,
(B) lateral view, and (C) ventral view. Anterior facing left. Abbreviations: asp, autosphenotic; boc, 
basioccipital; epo, epiocipital; exo, exoccipital; fVII, foramen for the facial nerve; fX, foramen for the 
vagas nerve; fr, frontal; ic, intercalar; let, lateral ethmoid; met, mesethmoid; n, nasal; pa, parietal; pas, 
parasphenoid; pro, prootic; pto, pterotic; pts, pterosphenotic; soc, supraoccipital; v, vomer. Scale bars 
represent 2 mm.
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Figure 5. Xiphister mucosus (VIMS 17815; 148.7 mm TL). Infraorbital bones. Anterior facing left. 
Abbreviations: lac, lachrymal; io, infraorbital. Scale bar represents 2 mm.
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Figure 6. Xiphister mucosus (VIMS 17815; 148.7 mm TL). Opercular bones, suspensorium, and jaws. (A) 
Elements in lateral view, anterior facing left. (B) Elements in medial view, anterior facing right. Bone in 
white, cartilage in black. Abbreviations: ang-ar, anguloarticular; cm, coronomeckelian; d, dentary; ecp, 
ectopterygoid; enp, endopterygoid; h, hyomandibular; iop, interopercle, me, Meckel’s cartilage; mpt, 
metapterygoid; mx, maxilla; op, opercle; pi, palatine; pmx, premaxilla; pop, preopercle; q, quadrate; rar, 
retroarticular; sop, subopercle; sym, symplectic. Scale bars represents 5 mm.
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Figure 7. Xiphister mucosus (VIMS 17766; 190 mm TL). Upper jaws in (A) lateral and (B) medial views. 
Lower jaws in (A) lateral and (B) medial views. Elements in medial view, anterior facing right. 
Abbreviations: ang-ar, anguloarticular; cm, coronomeckelian; d, dentary; mx, maxilla; rar, retroarticular. 
Scale bar represents 1 mm.
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Figure 8. Xiphister mucosus (VIMS 17815; 148.7 mm TL). Ventral portion of hyoid arch and 
branchiostegals in (A) lateral (anterior facing left) and (B) medial (anterior facing right) view. Urohyal in
(C) lateral view (anterior facing left). Bone in white, cartilage in black. Abbreviations: br, branchiostegal; 
cha, anterior ceratohyal; chp, posterior ceratohyal; hhd, dorsal hypohyal; hhv, ventral hypohyal; ihy, 
interhyal. Scale bars represent 1 mm.
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Figure 9. Xiphister mucosus (VIMS 17815; 148.7 mm TL). Ventral portion of gill arches in (A) dorsal (oral) 
view and (B) ventral view. Bone in white, cartilage in black. Anterior facing left. Abbreviations: bb, 
basibranchial; bh, basihyal; cb, ceratobranchial; gr, gill raker; hb, hypobranchial. Scale bars represent 1 
mm.
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Figure 10. Xiphister mucosus (VIMS 17786; 73.5 mm TL). Ventral portion of gill arches in dorsal (oral) 
view. Anterior facing left. Abbreviations: bb, basibranchial; bh, basihyal; cb, ceratobranchial; cha, anterior 
ceratohyal; chp, posterior ceratohyal; gr, gill raker; hb, hypobranchial; hhd, dorsal hypohyal. Scale bars 
represent 1 mm.
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Figure 11. Xiphister mucosus (VIMS 17815; 148.7 mm TL). Left dorsal elements of the portion of dorsal 
gill arches in (A) dorsal view and (B) ventral view. Bone in white, cartilage in black. Anterior facing left. 
Abbreviations: eb, epibranchials; gr, gill rakers; iph, infrapharyngobranchials; tp, toothplate of 
infrapharyngobranchial 4. Scale bars represent 1 mm.
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Figure 12. Vertebrae and median fin supports from (A) Xiphister mucosus (VIMS 17815; 148.7 mm TL) 
occipital region (c1-c4), (B) Xiphister mucosus (VIMS 17821; 102.8 mm TL) mid-abdominal region (c15- 
c20), (C) Xiphister mucosus (VIMS 17821; 102.8 mm TL) abdominal-caudal transition (c31-36), and (D) 
Xiphister mucosus (VIMS 17821; 102.8 mm TL) mid-caudal region in lateral view (c57-c62). Anterior 
facing left. Bone in white, cartilage in black, fin spines/rays in grey. Abbreviations: afr, anal fin ray; afs, 
anal fin spine; boc, basioccipital; c, centrum; dfs, dorsal fin spine; en, epineural; epo, epioccipital; exo, 
exoccipital; fdp, free dorsal-fin pterygiophore; hs, haemal spine; ns, neural spine; pas, parasphenoid; 
pmr, proximal-middle radial; pp, parapophysis; r, rib; sn, supraneural; soc, supraoccipital. Scale bars 
represent 1 mm.
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Figure 13. Vertebrae and median fin supports for (A) Xiphister mucosus (VIMS 17753; 138.4 mm TL) and 
(B) Xiphister atropurpureus (VIMS 17742; 144.2 mm TL). Anterior facing left. Bone in white, cartilage in 
black, fin spines/rays in grey. Abbreviations: c, centrum; cl, cleithrum; dfs, dorsal fin spine; en, epineural; 
fdp, free dorsal-fm pterygiophore; ns, neural spine; pt, posttemporal; scl, supraceithrum; sn, supraneural. 
Scale bars represent 1 mm.
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Figure 14. Xiphister mucosus (VIMS 17786; 73.5 mm TL). Vertebrae and median fin supports for (A) C1- 
C10 and (B) C27-C38. Arrows indicate ribs. Anterior facing left.
Figure 15. Xiphister mucosus. Caudal skeleton in lateral view. (A), VIMS 17668; 26.5 mm TL, (B) VIMS 
17817; 44.2 mm TL, (C) VIMS 17779; 72.3 mm TL, (D) VIMS 17816; 83.3 mm TL, (E) VIMS 17738; 102.9 
mm TL, and (F) VIMS 17737; 214.5 mm TL. Bone in white, cartilage in black, fin spines/rays in grey. 
Anterior facing left. Abbreviations: afr, anal fin rays, dfs, dorsal fin spine; ep, epural; hspu, haemal spine 
of preural centrum; hy, hypural; nspu, neural spine of preural centrum; phy, parhypural; pmr, proximal- 
middle radial; pu, preural centrum; uc, ural centrum; un, uroneural. Scale bars represent 1 mm.
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Figure 16. Xiphister mucosus (VIMS 17815; 148.7 mm TL) Left pectoral and pelvic girdle in (A) lateral 
(anterior facing left) view and (B) medial (anterior facing right) view. Bone in white, cartilage in black. 
Abbreviations: cl, cleithrum; co, coracoid; es, extrascapular; pb, pelvic bone; pt, posttemporal; ra, radial; 
sc, scapula; scl, supracleithrum. Scale bars represent 2 mm.
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Figure 17. Progression of lateral line development in Xiphister mucosus in (A) VIMS 17813; 32.4 mm TL, 
(B) VIMS 17792; 39.7 mm TL, (C) VIMS 17796; 87.8 mm TL, (D) VIMS 17788; 97.1 mm TL specimens. 
(E) Closeup of mediolateral lateral line section in 97.1 mm TL Xiphister mucosus (VIMS 17788). Anterior 
facing left. Abbreviations: DLC, dorsolateral canal; MLC, mediolateral canal; VLC, ventrolateral canal; 
VLC-L, ventrolateral canal loop. Scale bar represents 1 mm.
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Figure 18. Xiphister mucosus (VIMS 17816; 83.3 mm TL). (A) photograph and (B) line drawing of 
dorsomedial canal (DMC). (C) photograph and (D) line drawing of the juncture between left and right 
ventrolateral canals. Anterior facing left. Abbreviations: DLC, dorsolateral canal; DMC, dorsomedial canal; 
IOC, infraorbital canal; OTC, otic canal; POC, postotic canal; SOC, supraorbital canal. Scale bar 
represents 2 mm.
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Figure 19. Scale development in Xiphister mucosus. (A) VIMS 17813; 32.4 mm TL, (B) VIMS 17662; 68.1 
mm TL, (C) VIMS 17788; 97.1 mm TL, (D) closeup of an individual scale (VIMS 17788). Arrow indicates 
cteni. Scale bar represents 200 pm.
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Table 1. Selected meristic data of Xiphister mucosus and X. atropurpureus.
Abdominal vertebrae
Species 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Xiphister mucosus 3 14 18 16 6 1
Xiphister atropurpureus 3 11 17 2
Caudal vertebrae
Species 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57
Xiphister mucosus 1 7 5 7 7 17 11 3
Xiphister atropurpureus 2 2 5 10 5 
Total vertebrae
8 1
Species 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84
Xiphister mucosus 2 4 3 5 7 5 13 6 10 2 1
Xiphister atropurpureus 2 2 2 6 9 5 6 1
Dorsal fin elements
Species 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79
Xiphister mucosus 1 2 5 2 9 4 6 6 8 7 5 3 1
Xiphister atropurpureus 1 2 4 1 10 9 4 2 
Anal fin elements
Species 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Xiphister mucosus 1 1 3 3 8 4 6 12 10 7 1 2
Xiphister atropurpureus 1 1 3 1 1 6 12 8
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CHAPTER 2: MORPHOLOGY AND ONTOGENY OF MULTIPLE LATERAL LINE CANALS IN THE 
PRICKLEBACK GENUS XIPHISTER (COTTIFORMES: ZOARCOIDEI: STICHAEIDAE)
ABSTRACT
The structure and ontogeny of lateral line canals of the two species of the prickleback genus 
Xiphister were studied using deared-and-stained specimens and histology. Both species have seven 
cephalic canals in a pattern that, aside from four branches of the infraorbital canals that extend across the 
cheek, is typical of most teleostean fishes. Unlike most other teleosts, both species feature multiple trunk 
lateral line canals. These include a short median posterior extension of the supratemporal canal and three 
paired, branching canals located on the dorsolateral, mediolateral, and ventrolateral body surfaces that 
extend to the caudal region. The ventral canal includes a loop across the ventral surface of the abdomen. 
All trunk canals, as well as the branches of the infraorbitals, are supported by small, dermal, ring-like 
ossifications that develop independently from scales. The trunk canals develop asynchronously with the 
mediodorsal and dorsal canals developing at 32.4 mm TL, followed by the ventrolateral canal at 34.9 mm 
TL, and, finally, by the mediolateral canal at 47.2 mm TL. Only the mediodorsal and dorsolateral canals 
connect to the cephalic sensory canals. Fractal analysis shows that the complexity of the trunk lateral line 
canals stabilizes at a D of 1.5 at 58.3 mm TL, which is the size at which all trunk canals begin to develop 
branches. Histological sections show that neuromasts are present in all cephalic canals and in the 
dorsolateral and mediolateral canals of the trunk. However, no neuromasts were identified in the 
ventrolateral canal or its abdominal loop. The ventrolateral canal cannot, therefore, directly function as 
part of the mechanosensory system in Xiphister. The evolution and functional role of multiple lateral line 
canals is discussed.
INTRODUCTION
The mechanosensory lateral line system is a unique sensory system in fishes and some aquatic 
amphibians used for the detection of water flow (Webb 1989a). It is used to inform a variety of behaviors, 
including prey detection (Schwalbe et al. 2012), rheotaxis (Montgomery et al. 1997), schooling (Pitcher et
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al. 1976), and predator avoidance (Stewart et al. 2013). The functional unit of the mechanosensory 
system is the neuromast, a structure consisting of a cluster of hair cells, support cells, and mantle cells 
covered with a gelatinous cupula (Liem et al. 2001; Higgs et al. 2006). Displacement of the cupula bends 
the kinocilium of the hair cells, which results in an impulse of its associated afferent lateralis neurons and 
signals the brain (Liem et al. 2001). Neuromasts have different polarities, depending on the relative 
orientation of kinocilia of individual hair cells, and can thus detect water disturbances from different 
directions (Liem et al. 2001). Neuromasts are present either as canal neuromasts, which are enclosed in 
fluid-filled canals in the dermal tissue on the head and body and open to the environment through a series 
of pores, or as superficial neuromasts, which are free-standing structures on the body surface 
(Bleckmann and Zelick 2009).
The anatomy of lateral line canals on the head (cephalic canals) and body (trunk canals) vary 
greatly across teleostean fishes, and species descriptions for many fishes include remarks on lateral line 
features (e.g., Follett and Anderson 1990; Anderson 1994; Wright and Bailey 2012). Webb (1989a) 
categorized four general patterns of cephalic lateral line canals and eight general patterns of trunk canals 
in teleost fishes. The typical cephalic canal network comprises seven paired canals on the skull roof, 
surrounding the eye, covering the cheek, and extending to the lower jaw. The typical trunk canal 
comprises a single complete, straight canal that slopes gradually from the dorsal margin of the opercle, 
passes along the horizontal septum, and terminates on the caudal peduncle.
One of the least common trunk lateral line patterns is one consisting of multiple canals. Webb 
(1989a) identified only thirteen families of teleostean fishes that have at least one species with multiple 
trunk lateral line canals. These include toadfishes (Batrachoididae), kelp blennies (Clinidae), sculpin 
(Cottidae), tonguefishes (Cynoglossidae), snake mackerels (Gemplylidae), greenlings (Hexagrammidae), 
icefishes (Nototheniidae), smooth dories (Parazenidae), longfins (Plesiopidae), dottybacks 
(Pseudochromidae), mackerels (Scombridae), pricklebacks (Stichaeidae), and pufferfishes 
(Tetraodontidae). Righteyed flounders (Pleuronectidae) and soles (Soleidae) have what could be 
classified as multiple lateral line canals as well (Fukuda et al. 2010), bringing the total number of families 
to fifteen. The structure and function of multiple lateral line canal networks has been studied to some
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degree (Makushok 1961; Bleckmann and Munz 1990; Wonsettler and Webb 1997; Klein et al. 2013), but 
there are still many questions about the development and evolution of this system. Wonsettler and Webb 
(1997) examined the distribution of neuromasts in Hexagrammos (Hexagrammidae), a genus with five 
trunk canals, and found that neuromasts were only present in one canal. This indicates that the four other 
canals do not directly contribute to the ability of the mechanosensory system to detect water flow. The 
results of Wonsettler and Webb (1997) raise questions about the structure and possible function of canals 
in other fishes with multiple lateral line canals. The presence of multiple canals on the trunk does not 
necessarily indicate a difference in mechanosensory function.
The goal of this study is to describe the morphology and ontogeny of the lateral line system in the 
genus Xiphister (Fig. 20). The two species in the genus, X. mucosus (Girard 1858) and X. atropurpureus 
(Kittlitz 1858), are members of the family Stichaeidae, known commonly as pricklebacks. Stichaeidae are 
a diverse group of typically small (<30 cm total length), elongate fishes found in intertidal, subtidal, and 
continental slope waters of the northern hemisphere (Mecklenburg and Sheiko 2004). Both species of 
Xiphister are found in rocky intertidal and subtidal waters of the North Pacific Ocean from Alaska to 
southern California (Mecklenburg et al. 2002), and while both species can be sympatric, X. mucosus 
generally inhabits open coastlines while X. atropurpureus inhabits protected bays as well (Hart 1973). In 
some rocky intertidal habitats, the two species account for 31% of total ichthyofaunal abundance (Horn 
and Martin 2006). Both species have three pairs of highly branched trunk canals and a well-developed 
cephalic canal system. The lateral line structure of Xiphister has been illustrated and discussed previously 
(Makushok 1961; Yatsu 1986; Chereshnev et al. 2013; Klein et al. 2013), but these works have focused 
on adult morphology and have not discussed ontogeny or the distribution or morphology of neuromasts. 
Such information is critical for understanding the evolution and functional significance of multiple trunk 
canals in Stichaeidae and other teleostean fishes. In this study, I examine the ontogeny of lateral-line 
canals using cleared-and-stained specimens and quantify canal complexity using fractal analysis. I also 
use histology to examine the distribution of neuromasts within the cephalic and trunk canal networks. 
Finally, I discuss the evolution and possible function of multiple, highly branched lateral line canals in 
teleost fishes.
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MATERIALS AND METHODS
Structure and Ontoaenv of Lateral Lines
A total of 232 specimens of Xiphister mucosus (25.2-267.8 mm TL) and 189 specimens of X. 
atropurpureus (49.8 -153.2 mm TL) collected from San Juan Island, Washington were examined for 
ontogeny of lateral line canals. Specimens were cleared and double stained (C&S) for bone (alizarin red- 
S) and cartilage (alcian blue 8-GX) following methods based on Dingerkus and Uhler (1977). Specimens 
were examined with either a Zeiss Stemi DV4 stereomicroscope or a Zeiss SteREO Discovery.V20 
stereomicroscope equipped with an AxioCam HRc camera. The size at first ossification, position, and 
direction of ossification for canals and canal branches were noted. Measurements were obtained to the 
nearest 0.1 mm with digital calipers from C&S specimens or by examination of digital photos in ImageJ 
(Abramoff et al. 2004). Terminology for lateral-line canals follows Webb (1989a).
Two features of trunk lateral line canals, the lengths of the dorsal and ventral branches extending 
from the main canals and the width of the main canals, were analyzed from digital photographs of C&S 
specimens or histological sections. Twenty pairs of dorsal and ventral branches from each canal were 
randomly selected from digital images of a 58.3 mm TL C&S X. atropurpureus. Canal branches were 
measured to the nearest 0.1 mm using ImageJ and the lengths of the paired branches were tested with a 
paired t-test. The widths of the dorsolateral, mediolateral, and ventrolateral canals and the gut loop of the 
ventrolateral canal were measured from histological sections. Eighteen sections in suitable physical 
condition (i.e., no tearing, folding, or deformation of canals) from the main canals and nine sections from 
the gut loop were randomly selected from histological sections of a 97.1 mm TL X. mucosus. Canal width 
was measured to the nearest pm in ImageJ from images obtained with an Olympus DP70 camera fitted to 
an Olympus AX70 microscope. An Analysis of Variance (ANOVA) was used to test for differences in 
canal width, and a Tukey’s honest significant distance (HSD) test was used to determine which canals 
differed.
Histological Analysis of Neuromast Morphology and Distribution
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The body of a 97.1 mm TL Xiphister mucosus that had been fixed in buffered 10% formalin and 
stored in 70% ethyl alcohol was divided into nine regions (A-l), including three for the head, two for the 
abdominal region, two surrounding the anal-fin origin, and two for the caudal region (Fig. 21). These 
body regions were decalcified for eight hours in a sodium citrate and formic acid solution, rinsed in tap 
water for four hours, dehydrated in a series of ethanol baths, and embedded in Paraplast Plus (Fisher), 
using standard methods for paraffin histology (Prophet et al. 1992). Transverse sections of 5 pm 
thickness were obtained from tissue blocks using an Olympus CUT 4055 microtome, serial sections were 
mounted onto precleaned Fisherbrand Superfrost microscope slides directly from a water bath, and slides 
were air dried overnight. The slides then were stained with an eosin/haematoxylin stain using a Varistain 
Gemini ES auto-stainer and coverslipped using Protocol ™ resin/xylene mounting medium.
The distribution of neuromasts, their size, and position were noted by examination of histological 
sections from all body regions. Canals also were examined for the presence of any potential functional 
structures other than neuromasts (i.e., mucous-secreting goblet cells). The width and height of cephalic 
and trunk canal neuromasts was measured to the nearest pm in ImageJ from images obtained with an 
Olympus DP70 camera fitted to an Olympus AX70 microscope. For each neuromast measured, several 
histological sections were examined to ensure that individual neuromasts were measured at their widest 
point. Neuromast size data from left and right sides were pooled, and a f-test was used to test for 
neuromast size differences between the cephalic and trunk canal systems.
Fractal Analysis of Trunk Lateral Line Ontoaenv
Complex patterns can be quantified by taking repeated measurements at multiple scales and 
examining the relationship between the change in individual measurements and the change in scale 
(Mandelbrot 1983). This relationship is known as the fractal dimension, D, which is a measurement of 
how completely an object fills its Euclidean space (Seuront 2010). Objects that fill their Euclidean space 
more completely (i.e., are more complex) have a higher fractal dimension than objects that do not (i.e., 
are less complex). A useful property of D is that it is a unitless measurement of complexity. As a result, 
values for D can be compared across many individuals without being influenced by the size of specimens. 
Values of D typically range from zero to two, making interpretation relatively intuitive.
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Fractal analysis was used to quantify the change in trunk lateral line complexity in Xiphister 
during ontogeny. Fifteen specimens of X. mucosus (31.2-141.9 mm TL) and five specimens of X. 
atropurpureus (57.0-146.7 mm TL) were photographed using a Zeiss SteREO Discovery.V20 
stereomicroscope equipped with an AxioCam HRc camera. In order to capture greater detail of the lateral 
line canals, each specimen was magnified 10-15X, and 5-10 images were obtained to cover the length of 
each fish. These images were assembled to form a single composite image using Adobe Photoshop 
software (Fig. 22A). Line illustrations of the trunk lateral line canals were drawn electronically based on 
the composite images using Adobe Illustrator software (Fig. 22B). The line drawings of the trunk lateral 
lines were converted to binary black and white images (150 dpi) in ImageJ and analyzed using the 
FractalCount_ (Henden and Bache-Wiig 2012) plugin, which uses the box/count method of fractal 
analysis. This method superimposes a grid of sequentially smaller cells over the top of an object and 
records the number of cells covering part of the object and the total number of cells in the grid (two 
iterations are shown in Fig. 22 C-F). The number of cells covering the object increases with decreasing 
cell size following the power law:
N(l) « l~D
where I is the grid size and N(l) is the number of cells in the grid overlying the object. The fractal 
dimension is estimated by the slope of the linear trend of the log-log plot of N(Z) v.l. In this study, the 
limits of I were defined as the length and width of a bounding box containing the fish. This initial box was 
then subdivided between 20-32 times to generate data points for the log-log plot.
Two methods were used to evaluate the uncertainty associated with calculating fractal dimension 
of trunk lateral line canals. First, there could be error associated with aligning a composite image and 
tracing the lateral line canals. Images for each specimen were aligned and traced three times, and 
individual line drawings were analyzed to calculate percent error. A second potential source of error 
stems from overlaying and subdividing a grid over the top of the canal outlines. Slight variation in the size 
and placement of grid cells could affect the counts for the number of overlying the lateral line canals and 
the total number of cells in the grid. To test this potential effect, each line drawing was analyzed three
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times to calculate a standard error. Data from fractal analyses were plotted against specimen size to 
examine the relationship between lateral line complexity and ontogeny.
RESULTS
Morphology and Ontogeny of Lateral Lines
The lateral line system in both species of Xiphister comprises seven cephalic canals [supraorbital 
(SOC), infraorbital (IOC), otic (OTC), postotic (POC), supratemporal (STC), preopercular (PRC), and 
mandibular (MDC)] (Fig. 23D), a short dorsal midline canal (DMC) that extends from the STC onto the 
trunk, and three paired canals on the trunk (Fig. 20C).
The SOC originates anteriorly with the nasals, extends posteriorly through the frontals, and 
connects with the IOC and OTC. The IOC consists of five tubular bones (io1-5) that curve around the 
ventral portion of the eye and end anterior to the eye in the lacrimal. The IOC is complete but unossified 
at 31.2 mm TL (X. mucosus). The IOC has four branches that originate at the junction of each of the five 
infraorbitals and extend posteriorly across the cheek (Fig. 20D). These branches are supported by 
dermal, ring-like ossifications and have between 1 and 5 pores each. At 31.2 mm TL, the canal branches 
are short segments between io2-io3 and io3-io4 and have just begun to ossify. By 60.6 mm TL (X. 
mucosus), all four branches are complete and ossified. The OTC extends posteriorly from the SOC-IOC 
junction through the autosphenotic and pterotic to the POC and STC. The POC is a short segment that 
extends through the pterotic, connects anteriorly with the OTC-STC, and ends posteriorly with the 
dorsolateral trunk canal (TRC). The STC extends dorsally from the OTC-POC juncture and crosses the 
dorsal midline of the neurocranium posterior to the supraoccipital. Posterior to the STC commisure is a 
short extension of the STC that extends onto the trunk; this is termed the dorsomedial trunk canal (DMC). 
The PRC canal runs through the preopercle and dorsally does not connect at the OTC-POC-STC juncture 
as in other teleosts, ending instead in a pore. Ventrally, the PRC runs through the anguloarticular and 
continues anteriorly as the MDC, which extends through the dentary and has four pores.
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Both species of Xiphister have three pairs of lateral line canals that extend onto the trunk, plus 
the DMC that runs along the dorsal midline and extends to the dorsal-fin origin. The DMC canal features 
a number of alternating left and right branches in an asymmetrical pattern (Fig. 23A-B). The trunk canals, 
located on the dorsolateral (DLC), mediolateral (MLC), and ventrolateral (VLC) surfaces of the body, 
extend down the length of the body. The DMC and DLC are the only trunk canals that connect with the 
cephalic canal system. In the terminal condition, the VLC has a ventral loop (VLC-L) that extends onto the 
abdomen and is positioned between the pectoral girdle and anal-fin origin (Fig. 20C). The main canals of 
the trunk lateral lines are not straight; they alternate in a zigzag pattern with a slight dorsal angle leading 
to a dorsal branch of the canal and a slight ventral angle leading to a ventral branch (Fig. 20E). One 
dorsal and one ventral branch are associated with each myomere, except near the juncture of the VLC 
and the VLC-L where multiple branches can occur. Dorsal branches are longer than ventral branches on 
the DLC (f-test; t = 24.455, df=  19, P = <0.001), branch length is not significantly different on the MLC (f- 
test; f = -1.345, df= 19, P = 0.194), and ventral branches are longeron the VLC (f-test; f = 5.661, df=  19, 
P = <0.001). There are no pores along the main trunk lateral line canals, but each dorsal and ventral 
branch has between 1-3 pores. There are significant differences in width among the four main canals 
(ANOVA; F = 25.507; df = 59; P <0.001); a Tukey’s HSD test was used to determine which canals were 
different. The DLC is wider than all other canals (P <0.001 for all tests), there is no difference in width 
between the MLC and VLC (P = 0.8536), and the VLC-L is narrower than all other canals (P <0.001 for 
the DLC and VLC and P = 0.002 for the MLC). Canal widths averaged 235 pm for the DLC, 173 pm for 
the MLC, 182 pm for the VLC, and 121 pm for the VLC-L (Fig. 24).
The dermal, ring-like supports of the DMC and DLC canals begin to ossify at 32.4 mm TL (X. 
mucosus). The DLC emerges from the supracleithrum and develops posteriorly. The supports for the VLC 
begin to ossify at 34.9 mm TL (X. mucosus), initially above the anal-fin origin and lengthening posteriorly. 
After the VLC extends to the caudal region, it lengthens anteriorly with the VLC-L forming simultaneously 
and in connection with the main canal. By 47.2 mm TL (X. mucosus), the MLC begins to ossify, beginning 
just posterior to the pectoral girdle and extending posteriorly. The DMC reaches the dorsal-fin origin and 
is fully branched by 58.3 mm TL (X. mucosus). By 68.1 mm TL (X. mucosus), all paired trunk canals have 
developed and are branched. As the fish continue to grow, the canals lengthen, eventually extending onto
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the caudal fin, and the branches become more defined. At 140.8 mm TL (X. mucosus), all canals are fully 
branched and the structure of the canal system achieves its terminal condition.
Fractal Analysis of Lateral Lines
Fractal dimension values increased logarithmically from 1.11 in the smallest specimen analyzed, 
a 38.2 mm TL specimen of X. mucosus, to 1.53 in a 122.2 mm TL specimen of X. mucosus (Fig. 25). The 
largest specimen examined, a 146.7 mm X. mucosus, had a D of 1.50. Fractal dimension was lowest in 
specimens in which only the DLC was present, and increased rapidly as the DLC started branching and 
the MLC and VLCs developed. Once all three trunk lateral line canals had formed, lengthened, and 
started branching, D stabilized near 1.5. Fractal dimension values were similar between X. mucosus and 
X. atropurpureus (Fig. 25).
Multiple measurements of the same line drawings of trunk lateral line canals produced the exact 
same values for fractal dimension to five significant figures, which was the limit of reported values for 
Fracta!Count_. If there was error associated with overlaying and subdividing a grid over individual lateral 
line illustrations, then the error was too small to be detected. There was, however, error associated with 
creating a composite image of each specimen and tracing the lateral line canals. Standard deviation 
ranged from 0.0104 in a 38.2 mm TL specimen of X. mucosus to 0.007 in a 43.4 mm TL specimen of X. 
mucosus (Table 2). These error estimates are low given the range of values of D across the study 
specimens.
Analysis of Neuromast Morphology and Distribution
Neuromasts were located in the following cephalic canals: SOC, IOC, STC, POC, and MDC (Fig. 
26B). Most cephalic canal neuromasts were positioned on the medial surface of canals, but some were 
located on the surficial side. Neuromasts were packed tightly in the cephalic canal system, with individual 
neuromasts occasionally separated by only a few microns. Most were located at the base of canal 
branches, although others were scattered throughout the canals. The interior of the cephalic canals was 
lined with a layer of simple squamous epithelial cells with underlying connective tissue. Canals also 
contained intermittently spaced goblet cells. Goblet cells within canals, however, were present in much
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lower density than those in the epidermis of the skin and were of different structure. Goblet cells inside 
canals were flattened, whereas those in the skin were elongate.
Within the trunk canals, neuromasts were present only in the DLC and MLC; none were identified 
in the VLC or VLC-L. Neuromasts were found in five of the six body regions sectioned (Fig. 21 sections 
D-H) and were only located inside the main canals; none were located within the dorsal or ventral 
branches. All neuromasts were positioned on the medial surfaces of the canals. The lining of the trunk 
canals was similar to the lining in cephalic canals. The interior of all trunk canals was lined with simple 
squamous epithelial cells with a thin layer of connective tissue and had flattened goblet cells interspersed 
(Fig. 26D).
Cephalic neuromasts were significantly larger than trunk neuromasts in both width (f-test; f = 
8.162, df=  12, P<0.001) and height (f-test; f = 3.766, df=  12, P<0.001). Cephalic neuromasts were on 
average about 80% wider than trunk neuromasts (231 pm vs. 128 pm) and 40% deeper (35 pm vs. 27 
pm).
No superficial neuromasts were observed from histological sections.
DISCUSSION
Fractal Analysis
Fractal techniques have been used previously in a variety of studies of fish ecology, but few have 
focused on fish anatomy. Fractal studies relating to fish and fisheries ecology have been used to compare 
habitat complexity and fish diversity (Zhang et al. 2013), study fish swimming behavior (Mahjoub et al.
2011), analyze catch data for pink shrimp (Montes et al. 2013), examine the distribution of European eel 
in rivers in France (Imbert et al. 2008), model the scaling of predator-prey behavior (Sims et al. 2008), 
describe fish schooling motion (Tikhonov et al. 2001, Tikhonov and Malchow 2003), and relate bottom 
topography with fish distributions on coral reefs (Nash et al. 2013), deep-sea slope habitats (Jones and 
Brewer 2012) and eelgrass communities (Thistle et al. 2009). Fractal methods in fish anatomy have been
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used to study the structure of ganglion cells in the retina (Puschin et al. 2009), determine fish gender 
(McEvoy et al. 2009), perform otolith shape analysis (Duarte-Neto et al. 2008), and examine melanophore 
morphology (Kimler et al. 2004). The range of topics of these studies indicates fractal analyses, 
particularly the box/count method used herein and in most other studies, may have broader utilization in 
the study of morphology than currently realized.
This study demonstrates the utility of fractal approaches in the study of morphology and sheds 
light on the development of the mechanosensory system in Xiphister. Small specimens of Xiphister, in 
which the lateral line canals were beginning to ossify, had low fractal values, and these values increased 
as the dorsolateral canal developed and lengthened, particularly once it started branching. The area of 
the fish covered by the lateral-line canals greatly increased during development, and this increase in 
complexity was captured by increasing D. At sizes greater than 58.3 mm TL, after the DLC, MLC, and 
VLC trunk lateral line canals had lengthened and all three had developed dorsal and ventral branches, D 
stabilized at about 1.5. Although all canals continued to add branches and all of the branches continued 
to lengthen as the fish grew, there was no appreciable increase in D at sizes above 58.3 mm TL as the 
basic pattern of the mechanosensory system had formed by that size. From a functional standpoint, I 
suggest that this size is the point at which the mechanosensory system fully matures. This suggests that 
the mechanosensory system in Xiphister is fully functional early in the first year of life. Burge and Schultz 
(1973) report a mean length of 171 mm TL for age-one X. mucosus and 83 mm TL for age-one X. 
atropurpureus in Diablo Cove, California. Studies investigating the functionality of multiple lateral lines in 
Xiphister should use the 58.3 mm TL threshold as a demarcation between fully functional and immature 
lateral lines.
Analysis and interpretation of fractal data must, however, be approached with caution. The fractal 
dimension, D is a quantitative, continuous variable, and therefore care must be taken when applying 
fractal methods to comparative morphological studies. As demonstrated in this study, values of D for a 
particular structure will vary among individuals of the same species and also may change within a single 
individual during ontogeny. For studies that wish to compare the complexity of a structure among 
numerous taxa, as in phylogenetic systematic studies, D may or may not be informative. Continuous data
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must be partitioned into discrete units suitable for phylogenetic analyses (Kitching et al. 2005). In the case 
of lateral-line shape in Stichaeidae, D may result in a continuous range of values without clear breaks 
among the eleven genera of stichaeids with multiple lateral lines, which would render D uninformative in a 
phylogenetic systematic study of the family. However, if there are clear breaks in D among groups of 
stichaeids such that distinct shapes could be coded, then D could be informative. There are a number of 
discussions on the theory and practice of coding continuous data in phylogenetic systematic studies (see 
Thiele 1993; Rae 1995; 1998). An important point in each of these discussions is that the data must first 
be collected and analyzed in order to determine their usefulness.
Another important consideration with fractal data is that, because 0  measures the degree to 
which an object fills its Euclidian space, different patterns can generate the same values of D. The fractal 
dimension of an object will only be informative in a phylogenetic sense if it measures a homologous 
structure. Such a statement of homology must be established through other means. For example, in this 
study, 0  for fully developed Xiphister was approximately 1.5, which is the same value of D for such 
disparate biological patterns as the tooth complexity of the giant rodent Eumegamys paranensis (Candela 
et al. 2013) and the ornamentation of certain anostracan cysts (Bruner et al. 2013). However, in 
comparisons between structures in different taxa in which homology is not in question, fractal data may 
be informative. For example, Bruner et al. (2013) identified two morphotypes of anostracan cysts, one 
with large, dense crests with a D of 1.5 and a separate morphotype with small, separated crests with a D 
of 1.8. Even with these properties of fractal data in mind, the current study on lateral line canals of 
Xiphister demonstrates that fractal analysis offers a quantitative method to describe complex anatomical 
features in fishes.
Lateral Line Morphology
Makushok (1961) conducted an extensive review of the morphology of the mechanosensory 
systems of the “Stichaeoidei", which included the families Stichaeidae, Pholidae, Anarhichadidae, and 
Ptilichthyidae. He described cephalic and trunk canal patterns of 28 genera of Stichaeidae, including 
Xiphister, as well as other members of Stichaeoidei. He provided detailed drawings of the canal systems 
of several specimens, summarized pore counts of the cephalic system, and discussed the evolution of
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lateral lines within the group. Yatsu (1986) described the lateral line canals of five species of Stichaeidae, 
including both species of Xiphister, and included data from cephalic pore counts and trunk line anatomy 
as part of a phylogenetic reconstruction of those species. Our results broadly confirm their descriptions of 
cephalic and trunk canals in Xiphister. However, these earlier studies only examined one or two adult 
specimens for each species and did not look for neuromasts within the canals. In contrast, I describe the 
morphology and ontogeny of the lateral line canals and provide the first descriptions of the distribution 
and anatomy of neuromasts within sensory canals.
The cephalic lateral line system in Xiphister is a modification of the simple type that is typical of 
most teleostean fishes (Webb 1989a). Simple cephalic canals consist of narrow, cylindrical, ossified tubes 
with pores at regular intervals that open the canals to the environment. Most members of Stichaeidae 
have simple cephalic canals, although some members of the subfamilies Opisthocentrinae and 
Lumpininae have reduced cephalic canals, with the genus Lumpenus lacking the IOC series altogether 
(Makushok 1958). In both species of Xiphister, the PRC terminates in a pore rather than connecting at the 
juncture of the OTC-POC-STC as in other teleosts. This arrangement is also found in several other 
genera of Stichaeidae, including Emogrammus, Phytichthys, Dictyosoma and others (Makushok 1961; 
Yatsu 1986). Another notable feature of the cephalic canal system in Xiphister is the presence of 
secondary tubules of the IOC that are supported by dermal ring-like ossifications. Similar canals are 
found in only one other genus of Stichaeidae, Phytichthys, which is widely regarded as the sister genus to 
Xiphister (Makushok 1958; Yatsu 1986; Kim et al. 2013). Posterior extensions of the IOC occur in several 
other families of teleosts, including genera of Cichlidae, Cottidae, Labridae, Serranidae, and others (see 
Webb 1989a for a review). The branched cephalic canals of Elopomorpha and Clupeomorpha are 
characteristic for those groups (Webb 1989a) and feature many tubules in the soft tissue of the head 
(Blaxter et al. 1983; Jorgensen 1985; Stephens 1985; Di Dario 2009). Some members of the 
Notothenioidei have membranous tubules in the dermis of the skin that extend from the IOC, termed 
‘canaliculi’, although they are not supported by ossified rings and lack neuromasts (Jakubowski 1971; 
Eastman and Lannoo 2007; 2010). Janssen (2004) suggested that canaliculi act as filters in turbulent 
environments by smoothing water flow entering the main canals, although Eastman and Lannoo (2007) 
suggest that branched cephalic canals might serve some other, unknown function. The accessory
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branches in Xiphister differ from traditional canaliculi in that they are supported by ossified rings and 
contain neuromasts, which suggests that they serve a different function, such as improving the sensitivity 
of the mechanosensory system.
The 38 genera of Stichaeidae feature diverse trunk canal configurations, ranging from genera that 
lack trunk canals (e.g., Lumpenus, Opisthocentrus, Anisarchus, and Anoplarchus), to genera with 
complex forms (e.g., Xiphister, Phytichthys, Plagiogrammus, Eumesogrammus, Stichaeus, Cebidichthys, 
and Dictyosoma). Eleven genera have multiple trunk lateral lines that are supported by dermal, ring-like 
ossifications. Most are within the subfamilies Stichaeinae (Emogrammus, Plagiogrammus, Stichaeopsis, 
Stichaeus, and Ulvaria), and Xiphisterinae (Cebidichthys, Dictyosoma, Esselenichthys, Phytichthys, and 
Xiphister), although some members of Chirolophinae (Chirolophis) have them as well. The configuration 
of the canals and the rings that support the canals of Xiphisterinae are slightly different from those of 
Stichaeinae. In Stichaeinae, the DLC and MLC canals share a connection through the supratemporal, 
while these canals remain separate in Xiphisterinae (Makushok 1958; 1961). The ossified rings that 
support the canals are not fully enclosed in either subfamily, but in Stichaeinae they are more open and 
are not as tightly associated with each other as in Xiphisterinae. The ossified canal supports in Xiphister 
are close to each other; occasionally, adjacent rings are fused together. Given the discrepancy in canal 
morphology in the two subfamilies, Makushok (1961) suggested multiple trunk canals evolved at least 
twice within Stichaeidae. Most recent phylogenetic hypotheses for Stichaeidae and Zoarcoidei suggest a 
close association between Stichaeinae and Xiphisterinae (Radchenko et al. 2012; Turanov et al. 2012; 
Chereshnev et al. 2013; Kim et al. 2013). However, without a comprehensive phylogenetic analysis, 
including all genera of Stichaeidae and other Zoarcoidei, the relationship between the two subfamilies 
remains unclear. Of the nine families currently ascribed to the Cottiformes suborder Zoarcoidei (Wiley and 
Johnson 2010), only the families Bathymasteridae and Stichaeidae have representatives with lateral lines 
supported by ring-like ossifications. All seven species of the family Bathymasteridae have a single trunk 
canal with ossified supports that structurally resemble those of Stichaeinae in that they are a loosely 
arranged series of incomplete rings (Stevenson and Matarese 2005).
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The trunk lateral line structure seen in Xiphister (i.e., canals reinforced by bony, dermal rings) is 
not limited exclusively to members of Stichaeidae and Bathymasteridae. The Pseudochromidae 
(Perciformes) genus Halidesmus includes five species that can be distinguished from all other members 
of Pseudochromidae by the presence of at least three paired trunk lateral line canals (Winterbottom 
1982). Some species have up to four canals with multiple connections between them. In some species, 
the modified scales that support the canals are straight tubes with pores at the posterior end. Other 
species have lateral line scales with pores that are offset to form dorsal and ventral branches 
(Winterbottom 1982). Halidesmus has a few features in common with Zoarcoidei, such as reduced or 
absent pelvic fins, caudal fin confluent with dorsal and anal fins, and gill membranes united in most 
species, and Gosline (1966) and Springer et al. (1977) noted some peculiarities that aligned them with 
pseudochromid serranoids. Notably, Halidesmus have a ligament between the dentary and ceratohyal 
that is only found in pseudochromids, clinids, congrogadids, and at least some serranids (Winterbottom 
1982). It is likely that the canal structure in Halidesmus represents an independent evolution of multiple 
lateral line canals from the condition seen in Xiphister.
Are the Lateral Line Support Structures Modified Scales?
It has been suggested that the ossified structures supporting the lateral line canals in Xiphister 
are modified scales (Makushok 1961; Yatsu 1986; Bleckmann and MOnz 1990). However, discrepancies 
in structure, position, and ontogeny between scales and the lateral-line supports suggest that they 
represent a different type of dermal structure. Structurally, the ctenoid scales that cover the trunk of 
Xiphister are smaller and thinner than canal supports and are separated from the canals by a layer of 
dermal tissue. Scales also are more loosely organized than the rings that support lateral line canals. 
Scales are absent from the head and cheek of Xiphister, yet the cheeks have a network of ossified, ring­
like supports extending from the IOC that are structurally identical to the lateral-line supports on the trunk. 
Second, the development of the canals on the trunk does not correspond to scale development. Lateral- 
line supports on the trunk develop much earlier than scales and follow a different developmental pathway. 
In Xiphister mucosus, for example, lateral-line supports first appear at 32.4 mm TL, but scales don’t ossify 
until after 58.3 mm TL. At this size, the DLC, MLC, and MLC canals have each formed, lengthened, and
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begun to branch. Scales first form between the dorsal and ventral branches of lateral line supports in the 
caudal region. They then fill in the space between canals and spread anteriorly. By 87.8 mm TL, the body 
is fully scaled and the lateral line is fully developed.
The dermal skeleton of teleostean fishes generally comprises a variety of elements, including 
odontodes, teeth and dermal denticles, cranial dermal bones, postcranial dermal plates and scutes, 
spines and fin rays, elasmoid and ganoid scales, and elements of the mechanosensory system (Sire and 
Huysseune 2003). Fishes often have multiple types of dermal elements even within a single species. For 
example, the armored catfish Corydorus arcuatus has six different types of connective dermal tissue 
elements -  teeth, dermal denticles, cranial dermal bones, scutes, spines, and fin rays (Sire and 
Huysseune 1996; Sire and Huysseune 2003). Dermal skeletal elements have a variety of developmental 
pathways, often involving several types of tissues. Even the formation of lateral-line canals involves 
multiple processes and tissues (Webb 1989b). Lateral-line scale formation typically is induced by the 
presence of neuromasts, but some elements of the cephalic canals form independently of neuromasts 
(Webb 1989b). Some families with otherwise scaleless members (e.g., Auchenipteridae, Batrachoididae, 
Caulophyrynidae, Congiopodaidae, Chiasmodontidae, Cottidae, Cottidae, Galaxiidae, and Icosteidae) 
have species with trunk canals that are supported by heavily modified scales. Webb (1989a) suggests 
that these are remnants retained from scaly ancestors as supports for the lateral-line canals. The variety 
of dermal elements and developmental pathways in lateral-line canal formation leaves open the possibility 
that lateral lines in Xiphister and other Stichaeidae are supported by unique dermal structures rather than 
modified scales. Other members of Cottiformes have a variety of dermal structures in addition to scales, 
including cephalic horns, dermal tubercles, lateral-line canal segments, dermal platelets, scutes, prickles, 
spines, and fin rays (Mflrss et al. 2010a; b). These structures frequently are used for species identification 
and as characters in studies of Cottiformes systematics and taxonomy (e.g., Jackson 2003; Neely et al. 
2007; Kai and Nakabo 2009). However, the developmental pathways of these structures remain unclear. 
While it is evident that the structures supporting lateral lines in Xiphister are dermal elements and not 
modified scales, their exact origin will remain uncertain until their development can be studied during 
early ontogeny. Techniques such as genetic labeling of the mesodermal and neural crest cells that 
develop into scales and lateral-line supports could identify the origin of those cells early in development
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(Lee et al. 2013). The migration of labeled cells in the days after fertilization would reveal their exact 
origin and timing of differentiation.
Evolution and Function of Multiple Trunk Lateral Lines
Only fifteen extant families of teleostean fishes have at least one species with multiple trunk 
lateral lines enclosed in canals (Webb 1989a; Fukuda et al. 2010). These families represent seven orders 
of Euteleostei (Nelson 2006). Given the separate evolutionary histories of these families and the diversity 
of canal forms they display, it is likely that multiple trunk lateral-line canals evolved several times in 
telesostean fishes. In some cases, the potential evolutionary pathway of multiple lateral-line canals within 
a group of fishes is evident. For example, multiple trunk lateral-line canals of the scombrid genus 
Grammatorcynus are derived from bifurcation of the TRC canal (Collette and Gillis 1992). The TRC splits 
just behind the pectoral fin and a ventral loop extends across the abdomen, runs posteriorly down the 
anal fin, and reconnects with the main canal at the posterior end of the anal fin (Collette and Gillis 1992). 
In all other genera of Scombridae, only a single TRC is present, and it undulates down the length of body 
to end on the caudal peduncle and lacks the bifurcating ventral gut loop (e.g., Nakae et al. 2013). Other 
conditions of having multiple lateral lines result from the complete overlap in disjunct lateral-line canals, 
such as in the plesiopid genus Plesiops (Mooi and Randall 1991). In disjunct canals, the main canal is 
separated mid-body by one or more scale rows into a dorsal and ventral section. In some species of 
Plesiops, the ventral portion of the canal is disjointed near the posterior margin of the dorsal fin, and it 
extends anteriorly to overlap the dorsal portion of the canal. In several species, the overlap between 
canals is complete, resulting in multiple lateral line canals.
The evolution and function of multiple trunk lateral lines is difficult to chronicle in many fishes in 
part because variation in lateral-line morphology is prevalent even within families, subfamilies, and 
genera. For example, only the subfamilies Hexagramminae and Pleurogramminae within the family 
Hexagrammidae have multiple lateral-line canals; the monotypic subfamily Ophiodontinae has a single 
lateral-line canal (Nelson 2006). Within the genus Hexagrammos, which typically have five trunk lateral- 
line canals, the species H. agrammus has only a single trunk lateral-line canal (Nelson 2006). The two 
species of double-lined mackerels, Grammatorcynus bicarinatus and G. bilineatus, are the only species
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within Scombridae, a family that includes 15 genera and 51 species, to have multiple trunk canals 
(Collette and Gillis 1992). Within the family Stichaeidae, only 21 of 38 genera, representing only two of 
the six subfamilies, have multiple lateral-line canals, and the subfamily Xiphisterinae has six genera with 
and three genera without multiple lateral lines.
The possible functional roles of multiple trunk lateral-line canals in teleostean fishes have been 
studied to some degree (Bleckmann and Munz 1990; Klein et al. 2013), but research has been limited to 
a few families and genera. In an overview of the mechanosensory systems of teleostean fishes, Webb 
(1989a) suggested that multiple canals expand the receptive field of the mechanosensory system. By 
increasing the number of canal neuromasts that could be stimulated by the environment, fishes are able 
to obtain more detailed information about the movement of water surrounding them. Bleckmann and 
Munz (1990) tested the sensitivity of lateral line canals of Xiphister atropurpureus and suggested that the 
additional canal neuromasts improved the signal-to-noise ratio of the mechanosensory system. Further 
studies using models of X. atropurpureus canals embedded with artificial neuromasts showed that 
multiple canals with numerous pores decreased the spatial resolution of the mechanosensory system but 
improved the signal-to-noise ratio (Klein et al. 2013). Such information could be particularly important for 
fishes inhabiting high-energy environments (e.g., intertidal zones) where it might benefit them to 
differentiate background, turbulent water movements from directed water movements of currents or tides.
For additional trunk canals to directly benefit the mechanosensory system, they must contain 
neuromasts. Studies that have examined the ontogeny and structure of multiple canals indicate that 
canals without neuromasts appear common. Wonsettler and Webb (1997) demonstrated that, although all 
five trunk canals of Hexagrammos are structurally similar and follow the same general development 
trajectory, neuromasts are present in only one canal. They concluded that the other canals are not 
functional components of the mechanosensory system. It is worth noting that the canal that contained 
neuromasts in Hexagrammidae emerged through the pectoral girdle. This canal is homologous to the 
DLC in Xiphister, which is one of the trunk canals found to contain neuromasts. Canals lacking 
neuromasts have also been reported in X. atropurpureus by Bleckmann and Munz (1990) and Klein et al. 
(2013), observations that have been confirmed in this study. However, many fishes with multiple trunk
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canals have not been studied for the presence or absence of neuromasts. It is likely that some of these 
fishes do, in fact, have additional canals that directly benefit the mechanosensory system, but the 
presence of canals alone does not guarantee the presence of neuromasts. Studies investigating the 
function of multiple trunk canals must first confirm the presence of neuromasts inside the canals to verify 
that the mechanosensory system is indeed operationally more complex than fishes with a single canal.
Why fishes may evolve trunk lateral-line canals that lack neuromasts is unclear, although 
Wonsettler and Webb (1997) proposed three scenarios that could result in their development. The first 
scenario takes into account that canal development can be induced by the presence of neuromasts 
(Webb 1989b). It is possible that neuromasts are present early in development and induce canal 
formation. After the canals form, the neuromasts might degenerate, leaving empty canals. If neuromasts 
do degenerate from within canals, then they should be present early in development before the canals 
become fully enclosed tubes, and they should show some signs of innervation (Wonsettler and Webb 
1997). A second possible scenario is that neuromast precursors (i.e., neural crest cells and epidermal 
placodes) are enough to induce canal formation, but the development of the neuromasts themselves are 
restricted to only one or a few canals (Wonsettler and Webb 1997). The final scenario proposed by 
Wonsettler and Webb (1997) suggests that neither neuromasts nor their precursors are responsible for 
lateral line canal formation and that some other mechanism induces the formation of multiple canals.
Both species of Xiphister have physiological adaptations for increased survival in high-intertidal 
zones where they frequently are exposed to air at low tide. For example, X. atropurpureus is capable of 
cutaneous respiration (Daxboek and Heming 1982) and can depress metabolic activity when faced with 
rapid salinity change (Haynes et al. 2009). It is possible that the canal structure of Xiphister facilitates 
these or other physiological adaptations necessary for survival at the very edge of the water-land 
interface. However, not all members of Stichaeidae with multiple lateral line canals are found in the same 
high-intertidal zones as Xiphister. For example, Emogrammus hexagrammus, which has three lateral-line 
canals, is found in the western North Pacific at depths from 40-142 m (Mecklenburg and Sheiko 2004). 
Moreover, not all members of Stichaeidae that live in intertidal habitats have multiple lateral-line canals. 
For example, Anoplarchus purpureus is found in the same rocky intertidal habitats as Xiphister, but it
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lacks lateral-line canals. Non-stichaeid fishes with multiple lateral lines display even more diverse habitat 
preferences. The scombrids of the genus Grammatorcynus are pelagic schooling fishes, Halidesmus are 
found in shallow coral reefs, and Cynoglossidae are benthic flatfishes. It is unlikely that the forces 
resulting in the evolution of multiple lateral lines are the same for all of these groups given the 
evolutionary history and habitat diversity among the families. To more completely understand the 
evolution and functional ecology of multiple trunk canals, a detailed comparative study of the lateral-line 
canals in all fifteen families of fishes with multiple lateral lines, including early development and ontogeny, 
is needed.
Neuromasts are not confined solely within canals. Superficial neuromasts often are found 
scattered across the body surface of teleost fishes and detect water movements at lower velocities than 
canal neuromasts (Mtinz 1989). No superficial neuromasts were identified in Xiphister, but this does not 
necessarily mean they are missing in the genus. Superficial neuromasts typically are smaller and more 
numerous than canal neuromasts (MUnz 1989; Wonsettler and Webb 1997). They also can be distributed 
in rows, clusters, and other patterns that are often species-specific (Asaoka et al. 2011; 2012; Nakae et 
al. 2012; Schmitz et al. 2014). Although superficial neuromasts were not detected through histology, it is 
possible that they are present in Xiphister but are small and were overlooked or are distributed in areas 
that were not sectioned. The presence of superficial neuromasts might explain why most teleosts lack 
multiple trunk canals. If fishes can receive sufficiently detailed information about their environment with 
superficial neuromasts alone, then there would be no selective pressure for multiple lateral line canals.
MATERIAL EXAMINED
All specimens listed below are alcohol-stored specimens, unless indicated as cleared and stained (c&s) 
or histological specimens (hist ). Total lengths (TL) for c&s specimens are provided.
Bathymasteridae. Ronquilis jordani: VIMS 13456,4 specimens, includingl c&s specimen (130
mm TL).
Pholidae. Apodichthys falvidus: VIMS 17762, 1 c&s specimen (142 mm TL).
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Stichaeidae. Cebidichthys violaceus: MCZ 64791, 4 specimens; CAS 57574, 27 specimens, 
including 2 c&s specimens (60-116 mm TL).
Dictyosoma burgeri. USNM 398924, 1 specimen; USNM 398026,1 c&s specimem (97 mm TL).
Emogrammus hexagrammos: USNM 398021,1 specimen; USNM 398017,1 specimen; USNM 
398017A 1 c&s specimen (75 mm TL).
Esselenichthys laurae: LACM 45428-1, 5 specimens, including 1 c&s specimen (91 mm TL).
Phytichthys chims: VIMS 17763,1 c&s specimen (129 mm TL); VIMS 17683,1 c&s specimen 
(126 mm TL).
Xiphister atropurpureus: VMS  17684, 57 specimens; VIMS 17679, 11 specimens; VIMS 17663, 2 
specimens; VIMS 17757,1 specimen; VIMS 17767, 3 specimens; VIMS 17681, 2 specimens; VIMS 
17673, 1 specimen; VIMS 17748, 4 specimens; VIMS 17740, 3 specimens; VIMS 17779, 4 specimens; 
VIMS 17784, 5 specimens; VIMS 12111, 8 specimens; VIMS 17822, 2 c&s specimens (50-58 mm TL); 
VIMS 17823,1 c&s specimen (80 mm TL); VIMS 17742,1 c&s specimen (143 mm TL); VIMS 17824,1 
c&s specimen (77 mm TL); VIMS 17825,1 c&s specimen (127 mm TL); VIMS 17826,1 c&s specimen 
(153 mm TL); VIMS 177664, 2 c&s specimens (58-59 mm TL); VIMS 17768,1 c&s specimen (140 mm 
TL); VIMS 17741,1 c&s specimen (145 mm TL); 17742,1 c&s specimen (144.2 mm TL).
Xiphister mucosus: VIMS 17686,17 specimens; VIMS 17693, 51 specimens; VIMS 17667, 2 
specimens; VIMS 17680, 32 specimens; VIMS 17764, 2 specimens; VIMS 17661, 2 specimens; VIMS
17677,1 specimen; VIMS 17751, 8 specimens; VIMS 17678, 20 specimens; VIMS 17783, 5 specimens; 
VIMS 17777, 3 specimens; VIMS 17771, 6 specimens; VIMS 17785, 7 specimens; VIMS 12109,10 
specimens; VIMS 17827,13 specimens; VIMS 17791, 3 specimens; VIMS 17785, 7 specimens; VIMS 
17807, 1 c&s specimen (106 mm TL); VIMS 17809, 1 c&s specimen (108 mm TL); VIMS 17820, 1 c&s 
specimen (158 mm TL); VIMS 17812,1 c&s specimen (35 mm TL); VIMS 17808,1 c&s specimen (116 
mm TL); VIMS 17753,1 c&s specimen (134 mm TL); VIMS 17752, 1 c&s specimen (60 mm TL): VIMS 
1778, 1 c&s specimen (268 mm TL); VIMS 17798, 1 c&s specimen (91 mm TL); VIMS 17797,1 c&s 
specimen (68 mm TL); VIMS 17682,1 c&s specimen (215 mm TL); VIMS 17698, 3 c&s specimens (98-
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105 mm TL); VIMS 17699, 2 c&s specimens (99-128 mm TL); VIMS 17697, 8 c&s specimens (96-157 
mm TL); VIMS 17700,1 c&s specimen (107 mm TL); VIMS 17754,1 c&s specimen (147 mm TL); VIMS
17755,1 c&s specimen (140 mm TL); VIMS 17815,1 c&s specimen (148.7 mm TL); VIMS 17766,1 ds 
specimen (190 mm TL); VIMS 17786,1 c&s specimen (73.5 mm TL); VIMS 17821,1 c&s specimen 
(102.8 mm TL); VIMS 17753,1 c&s specimen (138.4 mm TL); VIMS 17668,1 c&s specimen (26.5 mm 
TL); VIMS 17817,1 c&s specimen (44.2 mm TL); VIMS 17779,1 c&s specimen (72.3 mm TL); VIMS 
17816, 1 c&s specimen (83.3 mm TL); VIMS 17738,1 c&s specimen (102.9 mm TL); VIMS 17737, 1 c&s 
specimen (214.5 mm TL); VIMS 17813,1 c&s specimen (32.4 mm TL); VIMS 17792,1 c&s specimen 
(39.7 mm TL); VIMS 17796, 1 c&s specimen (87.8 mm TL); VIMS 17788, 1 c&s specimen (97.1 mm TL); 
VIMS 17662,1 c&s specimen (68.1 mm TL); VIMS 17694, 1 hist, specimen (97.1 mm TL).
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Figure 20. Photograph of (A) the Rock Prickleback, Xiphister mucosus, 127.5 mm TL, (VIMS 17686); (B) 
a cleared & stained X. mucosus, 68.1 mm TL (VIMS 17662); (C) line drawing of lateral line canals from X. 
mucosus, 97.1 mm TL (VIMS 17788), (D) line drawing of the infraorbital canals of X. mucosus, 97.1 mm 
TL (VIMS 17788), and (E) lateral line supports of the mediolateral canal of X. mucosus, 97.1 mm TL 
(17788). Abbreviations: DLC, dorsolateral canal; io2-5, infraorbitals 2-5; lac, lacrymal; MLC, mediolateral 
canal; VLC, ventrolateral canal; VLC-L, ventrolateral canal loop. Scale bars represent (A) 10 mm, (B-C) 5 
mm, and (D-E) 2 mm.
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Figure 21. The lateral line system in a 97.1 mm TL Xiphister mucosus (VIMS 17788) with the nine body 
regions sectioned with histology indicated as A-l.
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Figure 22. (A) A composite image of a 68.1 mm TL Xiphister mucosus (VIMS 17662) aligned from 7 
close-up images of the body, (B) the lateral line system of the specimen as traced in Adobe Illustrator 
software, and (C-F) series of grids overlaid atop the line drawing used to calculate fractal dimension. 0  = 
1.44.
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Figure 23. Dorsal view of neurocranium from a (A) cleared and stained X. mucosus 39.7 mm TL (VIMS 
17792) and (B) a line drawing of the cephalic canals. Lateral view of head from a (C) cleared and stained 
X. mucosus 68.1 mm TL (VIMS 17662) and (D) a line drawing of the cephalic canals. Abbreviations: IOC, 
infraorbital canal; MDC, mandibular canal; OTC, otic canal; POC, postotic canal; PRC, preopercular 
canal; SOC, supraorbital canal; STC, supratemporal canal; TRC, trunk canal. Scale bars represent 2 mm.
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Figure 24. Width of trunk canals in a 97.1 mm TL Xiphister mucosus (VIMS 17694). Abbreviations: DLC, 
dorsolateral canal; MLC, mediolateral canal; VLC, ventrolateral canal; VLC-L, ventrolateral canal loop.
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Figure 25. Fractal dimension (D) of the trunk lateral lines in Xiphister by size.
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Figure 26. Histological section of a 97.1 mm TL Xiphister mucosus (VIMS 17694) from (A) region I. Cross 
section of (B) a cephalic neuromast in region C, (C) a trunk canal neuromast in the dorsal canal of region 
D, and (D) a section of the dorsal canal lacking neuromast in region H. Abbreviations: DLC, dorsolateral 
canal; MLC, mediolateral canal; VLC, ventrolateral canal. Scale bars represent 50 pm in (A) and 200 pm 
in (B-D).
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Table 2, Fractal dimension of Xiphister atropurpureus and X. mucosus.
Species Size (mm TL) D Standard Dev
X. mucosus 38.2 1.1163 0.0104
X. mucosus 39.7 1.1659 0.0032
X. mucosus 43.4 1.1823 0.0007
X. atropurpureus 58.3 1.4620 0.0020
X. mucosus 60.3 1.4743 0.0009
X. mucosus 68.1 1.4359 0.0045
X. mucosus 71.0 1.4641 0.0089
X. atropurpureus 77.3 1.4795 0.0025
X. mucosus 87.8 1.4750 0.0074
X. mucosus 97.1 1.4991 0.0035
X. mucosus 122.2 1.5288 0.0096
X. mucosus 140.8 1.4894 0.0011
X. atropurpureus 146.6 1.4761 0.0066
X. atropurpureus 146.7 1.4965 0.0040
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CHAPTER THREE: PHYLOGENETIC SYSTEMATICS OF THE PRICKLEBACK FAMILY 
STICHAEIDAE (COTTIFORMES: ZOARCOIDEI) BASED ON MORPHOLOGICAL DATA
ABSTRACT
The prickleback family Stichaeidae, as currently recognized, is a diverse group of small, eel- or 
blenny-like marine fishes that are distributed in intertidal and subtidal waters of the northern hemishpere. 
Stichaeidae is one of nine families in the Cottiformes suborder Zoarcoidei and currently includes six 
subfamilies, 38 genera and about 82 species, but there are questions regarding monophyly of the family. 
A data matrix including 106 morphological characters and 60 terminal taxa (30 genera of Stichaeidae, 
representatives from all eight additional zoarcoid families, and additional outgroup taxa) was analyzed to 
test monophyly of the family and determine the position of Stichaeidae within Zoarcoidei. The suborder 
Zoarcoidei was recovered as a monophyletic group sister to Cottoidei within Cottiformes. Within 
Zoarcoidei, the families Pholidae and Zoarcidae were recovered as monophyletic; however, the family 
Stichaeidae was not monophyletic. Only the subfamilies Lumpeninae and Neozoarcinae within 
Stichaeidae were recovered as monophyletic. The high level of homoplasy in the remaining four stichaeid 
subfamilies, and the inclusion of zoarcoid families nested within Stichaeidae, suggests that the current 
classification of Stichaeidae does not accurately reflect the evolutionary history of Zoarcoidei.
INTRODUCTION
The family Stichaeidae (Gill 1864), commonly known as pricklebacks, is a diverse family of 
marine teleostean fishes comprising six subfamilies (Fig. 27), 38 genera, and approximately 82 species 
(Mecklenburg and Sheiko 2004; Nelson 2006). They are typically small (<30 cm), elongate fishes found in 
intertidal, subtidal and continental slope waters of the North Pacific, Arctic and North Atlantic oceans 
(Mecklenburg and Sheiko 2004). More specifically, they are members of the Cottiformes suborder 
Zoarcoidei, a morphologically and ecologically diverse group that contains at least 380 species in the 
following nine families (Nelson 2006): Stichaeidae (pricklebacks), Pholidae (gunnels), Ptilichthyidae
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(quillfish), Anarhichadidae (wolffishes) Bathymasteridae (ronquils) Scytalinidae (graveldiver), Zaproridae 
(prowfish), Cryptacanthodidae (wrymouths), and Zoarcidae (eelpouts). The most diverse of the Zoarcoidei 
is the family Zoarcidae with 230 species while Ptilichthyidae, Scytalinidae, and Zaproridae each are 
monotypic. Stichaeidae is the second most diverse family in the suborder (Mecklenburg and Sheiko 
2004).
Zoarcoidei as a whole historically have been aligned with many groups of teleostean fishes, 
including blennies and trachinoids (Regan 1912; Gosline 1968), parabrotulids (Greenwood et al.1966; 
Rosen and Patterson 1969), notothenioids (Anderson 1990; Stepien et al. 1997), and sculpins and 
sticklebacks (Imamura and Yabe 2002; Chen et al. 2002; Miya et al. 2003). Several recent morphological 
(Imamura and Yabe 2002) and molecular (Chen et al. 2002; Miya et al. 2003; Smith and Wheeler 2004) 
studies, summarized and adapted in the classification of Wiley and Johnson (2010), have shifted 
Zoarcoidei from their historical alignment within Perciformes to a close relationship with the Cottoidei, 
formerly within the demonstrably paraphyletic “Scorpaeniformes". The Zoarcoidei currently are classified, 
together with Cottoidei, as members of the Cottiformes, which is a diverse order of 24 families and nearly 
1000 species of marine and freshwater fishes that also includes the sculpins, snailfishes, lumpsuckers, 
and their relatives (Imamura and Yabe 2002; Wiley and Johnson 2010). Although a significant amount of 
study has been made of the phylogenetic association of Zoarcoidei, the relationships among and within 
the families remain largely unresolved (Makushok 1958; Anderson 1984; 1994; Stoddard 1985; Yatsu 
1986).
Several authors have examined or commented on the systematics of the family Stichaeidae using 
both morphological (Makushok 1958; Anderson 1984; Stoddard 1985; Yatsu 1986) and molecular 
(Kartavtsev et al. 2009; Radchenko et al. 2009; Kim et al. 2013) approaches. All published studies on the 
systematics of Stichaeidae, however, have relied on limited character sets or focused on taxa from a few 
subfamilies or taxa from narrow geographic regions. Moreover, the results of several of these studies 
have raised questions regarding monophyly of the family (Kartasvtsev et al. 2009; Radchenko et al. 2009; 
Chereshnev et al. 2011). One problem highlighted by previous morphological studies is the reductive 
nature of the anatomy of Zoarcoidei and a high degree of homoplasy in character states. Given these
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issues, no studies have identified synapomorphies to define Stichaeidae. As stated by Makushok (1958: 
p. 54)"... [Stichaeidae] does not have a single specific structural peculiarity which in invariable form can 
be traced in all of its representatives". A rigorous phylogenetic hypothesis of the family Stichaeidae and 
their relatives is needed to test their monophyly and examine important aspects of their biology and 
evolutionary history.
The family Stichaeidae has a broad holarctic distribution with a center of abundance and diversity 
in the North Pacific Ocean, although a variety of distribution patterns are observed. Some genera are 
restricted to shallow coastal waters while others extend into deeper waters. Some genera are found in 
narrow geographic ranges as well as in specific habitats. For example, both species of Esselinichthys 
have been collected only from a few tidepools from southern California to northern Mexico (Follett and 
Anderson 1990). Other genera, such as Lumpenus have broad ranges extending from Japan through 
Alaska into California and through the Arctic Ocean into the North Atlantic Ocean from Massachusetts to 
Iceland.
In this study, I examine morphological characters of Stichaeidae and their relatives in detail and 
analyze the phylogenetic relationships of the family. I then use the resulting phylogeny to identify 
synapomorphies of different groups within Zoarcoidei.
MATERIALS AND METHODS
Selection of Taxa
A total of 60 taxa were included as terminal taxa in this study. At least one species from 30 out of 
38 genera of Stichaeidae were examined, with five genera (Alectrias, Chirolophis, Stichaeopsis, and 
Xiphister) represented by two species. Representatives from all other families of Zoarcoidei were included 
as outgroup taxa, including multiple genera and species for the species-rich families Pholidae 
(Apodichthys and Pholis) and Zoarcidae (Eucryphycus, Lycenchelys, Lycodes, Lycodonus and Zoarces). 
Additional outgroup taxa were selected based on previous morphological phylogenetic studies and 
historical classifications of Zoarcoidei. These families included a “generalized Perciformes" Moronidae
96
(Morone), Gasterosteidae {Gasterosteus), Ammodytidae (Ammodytes), Scorpaenidae (Sebastes), 
Nototheniidae (Notothenia), Hexagrammidae (Ophiodon and Hexagrammus), and Cottidae (Cottus, 
Leptocottus, Myoxocephalus and Oligocottus). All specimens examined are listed in Materials Examined.
Specimen Preparation and Characters Examined
This study was based on the examination of 106 morphological characters of external 
morphology and osteology identified from alcohol-preserved, dry skeleton, cleared and stained 
specimens, and radiographs. At least one specimen from each taxon was cleared and stained with Alcian 
Blue and Alizarin red, following the methods of Dingerkus and Uhler (1977). Specimens were examined 
with either a Zeiss Stemi DV4 stereomicroscope or a Zeiss SteREO Discovery.V20 stereomicroscope 
equipped with an AxioCam HRc camera. Radiographs of additional specimens were examined to collect 
meristic data. Characters were illustrated electronically based on digital images using Adobe Illustrator 
software. Brightness and contrast of digital images were adjusted and backgrounds were cleaned using 
Adobe Photoshop software. Characters were identified from previous studies of stichaeid and zoarcoid 
anatomy (Makushok 1958; Stoddard 1985; Yatsu 1986; Anderson 1984; 1994; Matarese 1990; Imamura 
and Yabe 2002) and original observations of newly prepared material. All characters obtained from the 
literature were confirmed through first-hand observations of prepared material. Terminology follows that of 
recent studies for osteology (Imamura and Yabe 2002; Hilton and Kley 2005; Hilton 2009). A brief 
description of each character and its states is followed by its respective consistency and retention indices 
(ci and ri) as determined from ACCTRAN optimizations.
Phvloaenetic Proceedures
A character-by-taxon data matrix (Appendix 1) was coded for each taxon using Mesquite v2.74 
(Maddison and Maddison 2007). Characters were defined to minimize the number of multistate 
characters in the analysis. Multistate characters (Characters 6, 11,16, 39, 60, 71, 73, 85, 89, and 92) 
were analyzed unordered. Missing entries (coded as “?") were used to represent cases where character 
states could not be determined due to lack of appropriate study material or the inapplicability of coding a
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state for that taxon. Character polarity was determined through outgroup comparison with the general 
perciform Moronidae (Morone saxatilis) serving as the root.
Cladograms were reconstructed using Maximum Parsimony (MP) as implemented by TNT v1.1 
using a New Technology search (Goloboff et al. 2008). Character-state changes were optimized under 
accelerated transformation (ACCTRAN), which favors loss of complex structures as opposed to delayed 
transformation (DELTRAN), which favors independent gains (Kitching et al. 2005). Strict consensus 
cladograms were used to summarize the most-parsimonious tree topologies. Node support was assessed 
using bootstrap support with 1000 replicates of a heuristic search and Bremer values (Bremer 1994). 
Character states were mapped onto the tree to assess which characters support each node, to calculate 
ci and ri values, and to identify synapomorphies.
RESULTS
Character Descriptions and Analysis 
Caudal fin
1. Parhypural+haemal and haemal spine of pu 2 contact: (0) tight juncture; (1) loose juncture. (ci=0.167; 
ri=0.5)
In almost all zoarcoids, the space between the fused parhypural+hypural 1 and the haemal spine 
of preural centrum 2 is narrow, with these elements coming into contact in some taxa. However, the 
space between the two elements is greater than the width of the haemal spine of preural centrum 2 in all 
Neozoarcinae, the zoarcids Lycodes pacificus, and Eucryphycus califomicus, and the stichaeids 
Lumpenella longirostris, Acantholumpenus mackayi, Poroclinus rothrocki, Anisarchus medias, Leptoclinus 
maculatus, Anoplarchus purpurescens and Askoldia variegata (Fig 28).
2. Parhypural and hypural 1: (0) separate; (1) fused. (ci=1.0; ri=1)
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The outgroup taxa Morone saxatilis and Serranus subligarius have a separate parhypural and 
hypural 1. In all other taxa, the phy and hy1 are fused to form a phy+hy1 complex (Fig. 28).
3. Uroneural attachment: (0) free; (1) fused to terminal centrum. (ci=0.1; ri=0.667)
Stoddard (1985) noted that the uroneurals are free in most stichaeids examined in his study but 
found that they are fused to the ural centrum in some members of Xiphisterinae and Lumpeninae. In most 
Zoarcoidei, the paired uroneurals are free from the terminal centrum. However, the uroneurals are fused 
to the ural centrum in some taxa. The uroneurals are fused in Cryptacanthodidae, the zoarcid Lycodes 
pacificus, the pholid Pholis omata, and all stichaeids in Lumpeninae, Neozoarcinae, Plagiogrammus 
hopkinsi, Emogrammus hexagrammus, Stichaeus punctatus, Chirolophis nugator, C. japonicus, 
Bryozoichthys lysimus, Anoplarchus puqiurescens, Alectrias benjamini, Pholidapus dybowski, and 
Askoldia variegata. The uroneural is fused to the centrum in the outgroup taxa Gasterosteus aculuatus 
and all cottids.
4. Space of caudal diastema: (0) narrow; (1) wide. (ci=0.5; ri=0.0)
The gap between the fused parhypural+hypural 1 and hypural 2 in most Zoarcoidei and 
outgroups is less than the width of the posterior margin of hypural 2. However, in Cryptacanthodidae and 
the stichaeid Stichaeopsis epallax, the space of this diastema is greater than the width of hypural 2.
5. Hypural elements dorsal to diastema: (0) fewer than or equal to 2; (1) more than or equal to 3. 
(ci=0.111; ri=0.5)
In almost all Zoarcoidei, there are two or fewer hypural elements dorsal to the diastema. Three or 
more hypural elements are present in Zaproridae (Hilton and Stevenson 2013: fig. 13), the pholids Pholis 
laeta and Apodichthys flavidus, and the stichaeids Ulvaria subbifurcata, Eumesogrammus praecisus, 
Stichaeopsis epallax, S. nana, Lumpenopsis pavlenkoi, Plectobranchus evides, Poroclinus rothrocki, 
Leptoclinus maculatus, Plagiogrammus hopkinsi, and Emogrammus hexagrammus. The outgroup taxa 
Morone saxatilis, Serranus subligarius, Notothemia squamifrons, and Ammodytes hexapterus also have 
three or more hypural elements dorsal to the caudal-fin diastema (Fig. 28).
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6. Size of dorsal hypurals: (0) hypural 2 equal to hypural 3; (1) hypural 2 larger than hypural 3; (2) hypural 
3 smaller than hypural 2. (ci=0.143; ri=0.25)
When at least two dorsal hypurals are present (hy2 and hy3), their relative sizes can differ. In 
most outgroups and Zoarcoidei, hy3 is larger than hy2 (Yatsu 1986: fig. 7). However, hy2 is larger than 
hy3 in all Pholidae (except Apodichthys fucorum), and the stichaeids Stichaeopsis nana, Plectobranchus 
evides, Lumpenella longirostris, Acantholumpenus mackayi, Poroclinus rothmcki, Lumpenus sagitta, 
Plagiogrammus hopkinsi, Emogrammus hexagrammus, Chirolophis japonicus, Alectrias benjamini, 
Askoldia variegata, Opisthocentrus ocellatus, and Cebidichthys violaceus. The dorsal hypurals are of 
equal size in the pholid Apodichthys fucorum and the stichaeids, Stichaeopsis epallax, Leptoclinus 
maculatus, Gymnoclinus cristatus, and Dictyosoma burgeri. Taxa lacking three dorsal hypurals (Character 
5) were coded as a “?” in the data matrix.
7. Epural size: (0) reduced (1) normal. (ci=0.5; ri=0.857)
All members of Neozoarcinae and Zoarcidae have two small epurals or lack them altogether. The 
stichaeid Eumesogrammus praecisus also lacks epurals. All other members of Zoarcoidei have two or 
more epurals of moderate size (Fig. 28).
8. Epural shape: (0) straight; (1) curved. (ci=0.125; ri=0)
In most Zoarcoidei, the epurals are straight rods. In Scytalinidae, Eumesogrammus praecisus, 
Lumpenopsis pavlenkoi, Lumpenella longirostris, Leptoclinus maculatus, Stichaeus punctatus, 
Bryozoichthys lysimus, and Alectrias alectrolophus, the epurals are slightly curved.
9. Proximal tip of epural 3: (0) narrow; (1) wide. (ci=0.25; ri=0)
In most Zoarcoidei, all epurals are straight rods. However, the proximal tip of epural 3 is widened 
in the outgroup Serranus subligarius and Cryptacanthodidae, the pholid Pholis omata and the stichaeid 
Lumpenus sagitta. Taxa with fewer than three epurals (Character 7) were coded as a “?" in the data 
matrix.
10. Caudal-fin shape: (0) pointed; (1) not pointed. (ci=0.5; ri=0.857)
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Most members of Zoarcoidei have rounded caudal fins. However, Ptilichthyidae, all Zoarcidae, 
and all Neozoarcinae have caudal fins that taper into a sharp point.
Head and skull
11. Number of branchiostegal rays on anterior ceratohyal: (0) fewer than 4; (1) 4; (2) more than 4. 
(ci=0.143; ri=0.429)
Most Zoarcoidei have four branchiostegals supported by the anterior ceratohyal. However, all 
Pholidae (except Apodichthys flavidus), Cryptacanthodidae, the zoarcid Lycodonus mirabilis, and the 
stichaeids Plectobranchus evides, Anoplarchus purpurescens, Alectrias benjamini, A. alectrolophus, 
Pholidapus dybowski, Askoldia variegata, Opisthocentrus ocellatus, and have fewer than four 
branchiostegals on the anterior ceratohyal (Fig. 33). Anarhichadidae, Ptilichthyidae (Hilton and Kley 2005: 
fig. 6), all Neozoarcinae, Anisarchus medias, and Gymnoclinus cristatus have greater than four 
branchiostegals on the anterior ceratohyal. The outgroups show a range in the number of branchiostegal 
rays supported by the anterior ceratohyal. All Cottoidei and Notothenia squamifrons have four rays while 
Gasterosteus aculuatus has fewer than four. More than four branchiostegal rays are supported by the 
anterior ceratohyal in Morone saxatilis, Serranus subligarius, and Ammodytes hexapterus.
12. Number of branchiostegal rays on posterior ceratohyal (0) fewer than or equal to 2; (1) greater than or 
equal to 3. (ci=0.5; ri=0)
The family Cryptacanthodidae and the stichaeid Chirolophis japonicus have three branchiostegals 
on the posterior ceratohyal while all other Zoarcoidei have only two. The family Ptilichthyidae has only 
one branchiostegal ray on the posterior ceratohyal (Hilton and Kley 2005: fig. 6).
13. Length of branchiostegal rays: (0) uniform; (1) graded. (ci=0.1; ri=0.5)
The length and thickness of branchiostegal rays in most zoarcoids is uniform, but in some taxa, 
there is a pronounced increase in branchiostegal length from anterior to posterior. Graded branchiostegal 
rays are present in all Pholidae (Fig. 33), all Zoarcidae, Zaproridae (Hilton and Stevenson 2013: fig. 9), 
and Anarhichadidae, as well as the stichaeids Lumpenopsis pavlenkoi, Poroclinus rothrocki, Anisarchus
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medias, Lumpenus sagitta, Emogrammus hexagrammus, Bryozoichthys lysimus, Pholidapus dybowskii, 
and Askoldia variegata. Graded branchiostegal rays are also present in the outgroup Serranus 
subligarius.
14. Anterior branchiostegal rays: (0) displaced anteriorly; (1) evenly spaced. (ci=0.5; ri=0)
In Cryptacanthodidae and the zoarcid Eucophycus califomicus, the anteriormost branchiostegal is 
displaced well forward of the other branchiostegals. In all other taxa, the branchiostegals are evenly 
spaced.
15. Process on anterior ceratohyal: (0) absent; (1) present. (ci=0.1; ri=0.333)
In most zoarcoids, the ventral margin of the anterior ceratohyal is smooth. However, in the 
stichaeids Eumesogrammus praecisus, Stichaeopsis epallax, S. nana, Lumpenopsis pavlenkoi, 
Lumpenella longirostris, Poroclinus rothrocki, Lumpenus sagitta, Plagiogrammus hopkinsi, Emogrammus 
hexagrammus, Stichaeus punctatus, Chirolophis nugator, Gymnoclinus cristatus, Cebidichthys violaceus, 
Xiphister mucosus, and X. atropurpureus, the ventral margin of the anterior ceratohyal has a pronounced 
hook between branchiostegals one and two (Fig 33). The outgroup Hexagrammos decagrammus also 
has a process on the ventral margin of the anterior ceratohyal.
16. Left and right gill membrane attachment: (0) not connected; (1) narrowly connected; (2) broadly 
connected. (ci=0.111; ri=0.5)
The left and right gill membranes are not connected in most outgroups, but Leptocottus omatus 
has a narrow membrane connecting the left and right branchiostegals and the remaining cottids have 
broad connections, in most Zoarcoidei, the left and right branchiostegals are broadly connected by a 
membrane. In Ptilichthyidae, Scytalinidae, the pholid Pholis omata, and the stichaeids Eumesogrammus 
praecisus, Lumpenopsis pavlenkoi, Plectobranchus evides, Lumpenella longirostris, Poroclinus rothrocki, 
Anirarchus medias, Plagiogrammus hopkinsi, Emogrammus hexagrammus, Stichaeus punctatus, 
Anoplarchus purpurescens, Opisthocentrus ocellatus, and Gymnoclinus cristatus, the left and right 
branchiostegals remain unconnected by a membrane. In Bathymasteridae, Anarhichadidae, and the 
stichaeids Ulvaria subbifurcata, Stichaeopsis epallax, S. nana, Acantholumpenus mackayi, Leptoclinus
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maculatus, Lumpenus sagitta, Alectrias alectrolophus, Esselenichthys laurae, Xiphister mucosus, andX. 
atropurpureus, the left and right branchiostegals are connected by a narrow membrane. Stoddard (1985) 
identified a broad membrane connection as an autapomorphy for Anoplarchus purpurescens, and the 
narrow connection in Lumpeninae.
17. Gill membrane location: (0) below pectoral fin; (1) anterior to pectoral fin. (ci=0.143; ri=0.6)
In zoarcoids that have narrow or broad gill membranes attaching the left and right 
branchiostegals, the membrane is frequently positioned anterior to the insertion of the pectoral fin. In 
Anarhichadidae, Zoarcidae, Neozoarcinae, the pholid Pholis laeta, and the stichaeids Chirolophis 
nugator, C.japonicus, Dictyosoma burgeri, Phytichthys chirus, Xiphister mucosus, and X. atropurpureus, 
the gill membrane junction is shifted posteriorly to the pectoral fin insertion. Stoddard (1985) identified this 
character as an apomorphy in Lumpeninae, though we find the character more broadly distributed in 
Zoarcoidei. Among the outgroup taxa, the cottids Oligocottus maculatus and Myoxocephalus scorpius 
have gill membranes, the gill membrane junction is shifted posteriorly to cover the pectoral fin insertion. 
Characters lacking a membranous connection were coded as “?" in the data matrix.
18. Dentary shelf: (0) absent; (1) present. (ci=0.167; ri=0.5)
The medial surface of the dentary in most zoarcoid taxa is smooth while in others, there is a 
pronounced medial shelf-like projection extending from the ventral margin. All members of Pholidae and 
the stichaeids Alectrias benjamini, Pholidapus dybowski, Opisthocentrus ocellatus, and Askoldia 
variegata, have this dentary shelf. A medial shelf on the dentary is also present in the outgroup taxa 
Serranus subligarius and Ophiodon elongatus.
19. Ethmoid spine: (0) absent; (1) present. (ci=1; ri=1)
The lateral ethmoids have a pronounced spine in the outgroup cottids Myoxocephalus scorpius, 
Oligocottus maculatus, and Cottus caeruleomentum. All Zoarcoidei lack these processes.
20. Number of nasal pores: (0) single pair; (1) two pairs. (ci=0.333; ri=0.5)
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As noted by Makushok (1958), all Zoarcoidei have a single pair of nasal pores. Two pairs of nasal 
pores are present in all outgroup taxa except Cottidae and Notothenia squamifrons, which have a single 
pair of nostrils.
21. Nasal pore tube: (0) absent; (1) present. (ci=0.066; ri=0.481)
The nasal pore can either be flush on the snout or it can have a fleshy tube that extends a 
millimeter or longer above the snout. Most zoarcoids have a short nasal tube, but all Pholidae,
Zaproridae, Anarhichadidae, Ptilichthyidae, Scytalinidae, all Neozoarcinae, and the stichaeids Ulvaria 
subbifurcata, Plectobranchus evides, Anisarchus medias, Leptoclinus maculatus, Lumpenus sagitta, 
Plagiogrammus hopkinsi, Chirolophis nugator, Anoplarchus purpurescens, Alectrias benjamini, 
Gymnoclinus cristatus, Esselenichthys laurae, Dictyosoma burgeri, Xiphister mucosus, and X. 
atropurpureus lack nasal pore tubes. A nasal pore tube is present in the outgroup taxa Serranus 
subligarius, Leptocottus omatus, Myoxocephalus scorpius, and Oligocottus maculatus.
22. Fleshy appendage on chin: (0) absent; (1) present. (ci=1; ri=0)
An autapomorphy for the family Ptilichthyidae is the presence of an elongate fleshy appendage 
on the lower jaw (Hilton and Kley 2005: fig 2).
23. Snout length: (0) short; (1) long. (ci=0.25; ri=0.25)
Most zoarcoids have short snouts that are less than the width of their eye. However, the zoarcid 
Lycodes pacificus and the stichaeids Lumpenopsis pavlenkoi, Lumpenella longirostris, and 
Acantholumpenus mackayi, have elongate snouts that are greater than their eye width. The outgroup 
taxon Ophiodon elongates also has an elongate snout.
24. Head shape: (0) laterally compressed; (1) dorsoventrally flattened. (ci=1; ri=1)
Members of Cottidae have head profiles that are dorsoventrally flattened (i.e., wider than tall) 
whereas all Zoarcoidei have head profiles that are round or laterally compressed.
25. Rostral cartilage: (0) flat; (1) round. (ci=0.143; ri=0.0)
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The rostral cartilage in most Zoarcoidei is flat or rectangular. However, in Bathymasteridae, the 
rostral cartilage is round and spherical. The shape of the rostral cartilage is more variable in the outgroup 
taxa. Round or spherical rostral cartilage is present in Serranus subligarius, Gasterosteus aculuatus, 
Ophiodon elongatus, Leptocottus omatus, and Myoxocephalus scorpius.
26. Sclerotic ossicles: (0) absent; (1) present. (ci=0.125; ri=0.588)
Sclerotic ossicles, ossified portions of the sclera, are present in many members of Zoarcoidei, 
including Bathymasteridae, all members of Lumpeninae, Ulvaria subbifurcata, Stichaeopsis hopkinsi, 
Lumpenopsis pavlenkoi, Piectobranchus evides, Plagiogrammus hopkinsi, Emogrammus hexagrammus, 
Stichaeus punctatus, Pholidapus dybowski, and Opisthocentrus ocellatus. Sclerotic ossicles are present 
in the outgroup taxa Morone saxatilis and Hexagrammos decagrammus. The specimen of Apodichthys 
fucorum was poorly stained, making presence of a sclerotic ossicle difficult to detect; therefore it is coded 
as a “?” in the matrix.
27. Suborbital stay: (0) absent; (1) present. (ci=0.333; ri=0,714)
Imamura and Yabe (2002: fig. 2) noted that the Cottoidei have suborbital stays (a posterior 
extension of the second or third infraorbitals) that are absent in Zoarcoidei. Suborbital stays are present in 
the outgroup taxa Serranus subligarius, Hexagrammos decagrammus, Nothothenia squamifrons, 
Ophiodon elongatus, and all Cottidae examined. The suborbital stay is absent in all Zoarcoidei.
28. Backwardly directed opercular spine: (0) absent; (1) present. (ci=1; ri=0)
As noted by Imamura and Yabe (2002: fig. 9), backwardly directed opercular spines are 
characteristic of the scorpaenoid lineage of Cottiformes. Backwardly directed opercular spines are 
present in the outgroup taxa Serranus subligarius, but they are not present in Zoarcoidei.
29. Serrate preopercle: (0) absent; (1) present. (ci=0.5; ri=0)
The preopercle has a serrate posterior margin in the outgroup taxa Serranus subligarius and 
Hexagrammos decagrammus. In Zoarcoidei, the preopercles are not serrate but rather have a smooth 
posterior margin.
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30. Posterior extension of exoccipital: (0) absent; (1) present. (ci=0.2; ri=0.429)
The exoccipital has a pronounced posterior process that articulates with the dorsal arm of the 
posttemporal in the zoarcids Lycodonus mirabilis and the stichaeid Eumesogrammus praecisus. All other 
zoarcoids lack this process. Several outgroup taxa, including all cottids, Morone saxatilis, and 
Gasterosteus aculuatus have these extensions.
31. Supraoccipital crest: (0) absent; (1) present. (ci=0.167; ri=0.286)
Most Zoarcoidei lack a distinct supraoccipital crest, but a supraoccipital crest is present in the 
zoarcid Lycodonus mirabilis and the stichaeid Eumesogrammus praecisus. A supraoccipital crest is 
present in the outgroup taxa Morone saxatilis, Serranus subligarius, Notothenia squamifrons, 
Gasterosteus aculuatus, Leptocottus omatus, and Cottus caeruleomentum.
Pectoral girdle
32. Scapula-coracoid connection: (0) separate; (1) joined. (ci=0.1; ri=0.357)
In most zoarcoids, the scapula and coracoid are tightly joined by the scapulacoracoid cartilage. 
However, in Zaproridae (Hilton and Stevenson 2013: fig. 15), Anarhichadidae, Ptilichthyidae (Hilton and 
Kley 2005: fig. 9), Scytalinidae (Hilton 2009: fig. 10), the zoarcids Lycenchelys paxilla, Lycodonus 
mirabilis, and Eucryphycus califomicus, the pholids Apodichthys fucorum and A. sanctoaerosae, and the 
stichaeids Alectrias alectrolophus, Opisthocentrus ocellatus, Gymnoclinus cristatus, Xiphister mucosus, 
and X. atropurpureus, there is a large cartilage-filled gap between the scapula and coracoid. This gap is 
also present in the outgroup taxon Cottus caeruleomentum.
33. Scapula size: (0) small; (1) large. (ci=0.2; ri=0.636)
The scapula is small in size in the zoarcoids Anarhichadidae, Ptilichthyidae (Hilton and Kley 
2005: fig. 9), Scytalinidae (Hilton 2009: fig. 10), the pholids Apodichthys flavidus, A. fucorum, A. 
sanctoaerosae, and the stichaeids Alectrias benjamini, A. alectrolophus, Phytichthys chirus, Xiphister 
mucosus, X. atropurpureus (Yatsu 1986: fig. 6), and Neozoarces steindachneri. In all other zoarcoids, the 
scapulas are large elements.
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34. Coracoid size (0) small; (1) large. (ci=0.2; ri=0.667)
As with the scapula (Character 33), the coracoids in some zoarcoid taxa are small elements.
Taxa with small coracoids include Anarhichadidae, Ptilichthyidae (Hilton and Kley 2005: fig. 9), 
Scytalinidae (Hilton 2009: fig. 10), the pholids Apodichthys ftavidus, A. fucorum, A. sanctoaerosae, and 
the stichaeids Alectrias alectrolophus, A. benjamini, Cebidichthys violaceus, Phytichthys chirus, Xiphister 
mucosus, X. atropurpureus (Yatsu 1986: fig. 6), and Neozoarces steindachneri. In all other zoarcoids, the 
coracoids are large elements.
35. Ventral lip on coracoids (0) absent; (1) present. (ci=0.1; ri=0.4)
In most zoarcoids, the coracoid has a posterior extension on the ventral margin that at least 
partially covers the radials (Makushok 1958: fig. 25). Many zoarcoids lack the process on the ventral 
margin of the coracoid, including Anarhichadidae, Scytalinidae (Hilton 2009: fig. 10), the pholids Pholis 
omata and Apodichthys sanctoaerosae, and the stichaeids Stichaeopsis epallax, Bryozoichthys lysimus, 
Anoplarchus purpurescens, Gymnoclinus cristatus, Cebidichthys vioaceus, Esselenichthys laurae, 
Dictyosoma burgeri, Phytichthys chirus, Xiphister mucosus, and X. atropurpureus (Yatsu 1986: fig. 6). A 
ventral lip on the coracoid is present the outgroup taxa Gasterosteus aculuatus and Hexagrammos 
decagrammus.
36. Scapular foramen (0) closed; (1) open. (ci=0.25; ri=0.25)
The scapular foramen is large in most zoarcoids, but the foramen is absent or closed in 
Scytalinidae (Hilton 2009: fig. 10), the pholids Apodichthys fucorum and A. sanctoaerosae, and the 
stichaeids Plectobranchus evides and Phytichthys chirus.
37. Number of radials (0) fewer than or equal to 4, (1) more than 4. (ci=0.5; ri=5)
All members of Zoarcoidei have four radials. The outgroup taxa Ophiodon elongatus, Leptocottus 
omatus, and Oligocottus maculatus have five radials.
38. Posttemporal (0) unforked; (1) forked. (ci=0.167; ri=0.783)
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In most zoarcoids, the posttemporal is a rod-like element that articulates anteriorly with the 
exoccipital and has a weakly developed ventral arm, if it is developed at all. However, in the zoarcid 
Eucryphycus califomicus and all stichaeids of Lumpeninae, Ulvaria subbifurcata, Eumesogrammus 
praecisus, Stichaeopsis epallax, Lumpenus pavlenkoi, Piectobranchus evides, Bryozoichthys lysimus, 
and Dictyosoma burgeri, the posttemporal is deeply forked. Most outgroup taxa have deeply forked 
posttemporals, including Morone saxtilis, Serranus subligarius, Notothenia squamifrons, Ammodytes 
hexapterus, Ophiodon elongatus, and Leptocottus omatus.
39. Number of postcleithral elements: (0) 0; (1) 1; (2) 2. (ci=0.2; ri=0.778)
The number of postcleithral elements varies between 0-2 in Zoarcoidei. Postcleithral elements 
are absent in Pholidae, Anarhichadidae, Cryptacanthodidae, Ptilichthyidae, and Scytalinidae and all 
stichaeids in Lumpeninae, Piectobranchus evides, Gymnoclinus cristatus, Phytichthys chirus, Xiphister 
mucosus and X. atropurpureus. Zaproridae (Hilton and Stevenson 2013: fig. 15), Zoarcidae, all 
Neozoarcinae, Stichaeopsis nana, Lumpenopsis pavlenkoi, Plagiogrammus hopkinsi, Alectrias benjamini, 
A. alectrolophus, Pholidapus dybowski, Opisthocentrus ocellatus, Askoldia variegata, Esselenichthys 
laurae, and Dictyosoma burgeri each have a single postcleithral element. All remaining zoarcoids 
examined have two postcleithral elements. All outgroup taxa have two postcleithral elements, except 
Notothenia squamifrons and Gasterosteus aculuatus, which have none.
Ribs
40. Parapophysial stays: (0) absent; (1) present. (ci=1; ri=1)
All members of the family Pholidae lack parapophysial stays, which are transverse bony 
processes of the abdominal vertebrae that separate the dorsal aorta from the kidneys (Makushok 1958: 
fig. 2). Parapophysial stays are present in all other Zoarcoidei.
41. Rib length: (0) short; (1) long. (ci=0.1; ri=0.5)
While ribs can vary in length within an individual taxa (Character 43, below), most ribs in 
Zoarcoidei are long. Taxa with predominantly short ribs include Anarhichadidae, Ptilichthyidae (Hilton and
108
Kley 2005: fig. 8), Scytalinidae (Hilton 2009: fig. 8), all Zoarcidae (except Lycodonus mirabilis), and all 
stichaeids of Neozoarcinae, Lumpenopsis pavlenkoi, Poroclinus rothrocki, Anisarchus medias,
Leptoclinus maculatus, Chirolophis japonicus, Bryozoichthys lysimus, Anoplarchus purpurescens, 
Alectrias benjamini, A. alectrolophus, Gymnoclinus cristatus, and Dictyosoma burgeri.
42. Rib stoutness: (0) slender; (1) stout. (ci=0.2; ri=0.429)
Most Zoarcoidei have predominantly slender ribs. However, ribs are thickened and robust in the 
zoarcid Lycodes pacificus and the stichaeids Bryozoichthys lysimus, Anoplarchus purpurescens, Alectrias 
benjamini, A. alectrolophus, Gymnoclinus cristatus, Xiphister mucosus and X. atropurpureus.
43. Rib gradation: (0) not graded; (1) graded. (ci=0.077; ri=0.478)
Ribs in most zoarcoid taxa are all of similar length. Some taxa have a distinct anterior-posterior 
grade from short to long ribs, including Anarhichadidae, Ptilichthyidae, Scytalinidae (Hilton 2009: fig. 8), 
the zoarcids Zoarves americanus and Lycodes pacificus, and the stichaeids Lumpenopsis pavlenkoi, 
Lumpenella longirostris, Poroclinus rothrocki, Leptoclinus maculatus, Lumpenus sagitta, Chirolophis 
nugator, Anoplarchus purpurescens, Alectrias benjamini, A. alectrolophus, Askoldia variegata, 
Opisthocentrus ocellatus, Gymnoclinus cristatus, Esselenichthys laurae, Dictyosoma burgeri, Phytichthys 
chirus, Xiphister mucosus, and X. atropurpureus. Ribs are graded in the outgroup taxa Gasterosteus 
aculuatus and Ammodytes hexapterus.
Fins
44. Soft dorsal-fin rays: (0) absent; (1) present. (ci=0.2; ri=0.810)
Dorsal fins are composed completely of spines in many Zoarcoidei, but dorsal-fin rays are found 
in Bathymasteridae, Ptilichthyidae (Hilton and Kley 2005: fig. 8), all Neozoarcinae, all Zoarcidae (except 
Lycenchelys paxilla), and the stichaeids Cebidichthys violaceus, Esselenichthys laurae, and Dictyosoma 
burgeri.
45. Dorsal-fin spines: (0) absent; (1) present. (ci=0.5; ri=0.667)
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Dorsal-fin spines are present in almost all zoarcoids except for the zoarcids Lycodonus mirabilis, 
Lycodes pacificus and Eucrphycus califomicus, which each have dorsal fins composed entirely of rays.
46. Dorsal-fin spine length: (0) short; (1) long. (ci=0.2; ri=0.789)
In most zoarcoids, dorsal-fin spines predominantly are longer than their supporting 
pterygiophores. However, in all Pholidae, Ptilichthyidae (Hilton and Kley 2005: fig. 8), the zoarcids 
Zoarces americanus and Lycenchelys paxilla, all Neozoarcinae, and the stichaeids Alectrias benjamini, 
Pholidapus dybowski, Opisthocentrus ocellatus, Cebidichthys violaceus, Esselenichthys laurae, 
Dictyosoma burgeri, Phytichthys chirus, Xiphister mucosus, and X. atropurpureus, dorsal-fin spines are 
shorter than their supporting pterygiophores. In taxa with graded dirsal-fin spines (Character 48), this 
character is coded in accordance with the predominant dorsal-fin spine condition.
47. Dorsal-fin spine stoutness: (0) slender; (1) stout. (ci=0.143; ri=0.684)
Some Zoarcoidei have dorsal-fin spines that are distinctly thicker than the dorsal-fin spines of 
other taxa. Thick dorsal-fin spines are found in all Pholidae, Ptilichthyidae (Hilton and Kley 2005: fig. 8), 
Scytalinidae, the zoarcids Zoarces americanus, and Lycenchelys paxilla, all Neozoarcinae, and the 
stichaeids Lumpenella longirstris, Alectrias benjamini, Pholidapus dybowski, Opisthocentrus dybowski, 
Esselenichthys laurae, Dictyosoma burgeri, Phytichthys chirus, Xiphister mucosus, and X. atropurpureus. 
In taxa with graded dorsal-fin spines (Character 41), this character is coded in accordance with the 
predominant dorsal-fin spine condition.
48. Dorsal fin gradation: (0) none; (1) graded. (ci=0.077; ri=0.52)
Dorsal-fin spines in some zoarcoids are all of equal size, but for many there is a graded anterior- 
to-posterior increase in spine length. This graded condition is present in all Pholidae, all Zoarcidae 
(except Zoarces americanus), Zaproridae, Bathymasteridae (Matarese 1990: fig. 15), Anarhichadidae, 
Ptilichthyidae, Scytalinidae, and the stichaeids of all members of Lumpeninae, Stichaeopsis epallax, 
Lumpenopsis pavlenkoi, Plectobranchus evides, Plagiogrammus hopkinsi, Emogrammus hexagrammus, 
Stichaeus punctatus, Anoplarchus purpurescens, Alectrias benjamini, A. alectrolophus, Opisthocentrus
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ocellatus, and Dictyosoma burgeri. Dorsal-fin spines also are graded in the outgroup taxa Morone 
saxatilis, Ophiodon elongatus, and Myoxocephalus scorpius.
49. Number of dorsal-fin spines (0) fewer than or equal to 50; (1) more than 50. (ci=0.167; ri=0.815)
When dorsal-fin spines are present in Zoarcoidei (see Character 53), they frequently number 
more than 50. Zoarcoids with more than 50 dorsal-fin spines include Zaproridae, Anarhichadidae, 
Ptilichthyidae, Pholidae, the zoarcid Lycenchelys paxilla, and the stichaeids of Lumpeninae, 
Plectobranchus evides, Chirolophis nugator, C. japonicus, Bryozoichthys lysimus, Anoplarchus 
purpurescens, Alectrias benjamini, A. alectrolohpus, Pholidapus dybowski, Askoldia variegata, 
Opisthocentrus ocellatus, Gymnoclinus cristatus, Dictyosoma burgeri, Phytichthys chirus, Xiphister 
mucosus, and X. atropurpureus.
50. Dorsal-fin distal radials: (0) absent; (1) present. (ci=0.143; ri=0.727)
Dorsal-fin distal radials are not present in most zoarcoids. However, Bathymasteridae,
Zaproridae, Anarhichadidae, Ptilichthyidae, Zoarcidae (except Lycodonus mirabilis), all Neozoarcinae, 
Cebidichthys violaceus, Esselenichthys laurae, and Dictyosoma burgeri have distal radials supporting the 
dorsal fin. The specimen of Neozoarces steindachneri was poorly stained, making the state of this 
character difficult to determine, so the character was coded as a “?” in the data matrix.
51. Dorsal-fin spines nested within rays: (0) absent; (1) present. (ci=1; ri=0)
An autapomorphy of Zoarces americanus is the presence of a series of dorsal-fin spines 
embedded in the series of posterior dorsal-fin rays.
52. Dorsal-fin number: (0) single; (1) double. (ci=0.5; ri=0.889)
All members of Zoarcoidei have a single, continuous dorsal fin comprising either entirely of spines 
or spines and rays, whereas all outgroups (except Ammodytes hexapterus) have a spinous dorsal fin that 
is separate from the soft dorsal fin.
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53. Insertion of first dorsal-fin pterygiophore: (0) anterior to second neural spine; (1) posterior to second 
neural spine. (ci=0.111; ri=0.5)
In most zoarcoids, the dorsal fin inserts between neurocranium and the first neural spine or first 
neural spine and second neural spine (Fig. 31). However, in all Zoarcidae (except Zoarces americanus), 
Cryptacanthodidae, Scytalinidae (Hilton 2009: fig. 8), and the stichaeids Lumpenella longirostris, 
Poroclinus rothrocki, Anisarchus medias, Lumpenus sagitta, Xiphister mucosus, and X. atropurpureus, 
the dorsal fin origin starts posterior to the second neural spine. The dorsal-fin insertion is posterior to the 
second neural spine in the outgroup taxa Morone saxatilis, Notothenia squamifrons, Gasterosteus 
aculuatus, Ammodytes hexapterus, and Leptocottus omatus.
54. Posterior dorsal-fin proximal-middle radials: (0) unkeeled; (1) keeled. (ci=1; ri=0)
The dorsal-fin proximal-middle radials of almost all zoarcoids are simple, rod-like elements. 
However, the proximal-middle radials on the posterior dorsal-fin spines of Cryptacanthodidae have a 
pronounced lateral keel.
55. Free dorsal-fin pterygiophores: (0) absent; (1) present. (ci=0.2; ri=0.429)
Most zoarcoids lack free dorsal-fin pterygiophores, but at least one free dorsal-fin pterygiophore 
is present in Scytalinidae (Hilton 2009: fig. 8), the zoarcid Lycodonus mirabolis, and the stichaeids 
Xiphister mucosus and X  atropurpureus (Makushok 1958: fig. 16; fig. 31). Free dorsal-fin pterygiophores 
are present in the outgroup taxa Morone saxatilis, Serranus subligarius, Gasterosteus aculuatus, and 
Oligocottus maculatus.
56. Number of spines supported by posteriormost dorsal-fin pterygiophore: (0) 1; (1) 2. (ci=0.1; ri=0.667)
The posteriormost dorsal-fin pterygiophore can support either one or two spines or rays. Within 
Zoarcoidei, the posterior dorsal-fin distal radial supports a single element in Pholidae, all Zoarcidae, 
Ptilichthyidae, Scytalinidae, Cryptacanthodidae, all Lumpeninae, Cebidichthys violaceus, Esselenichthys 
laurae, Dictyosoma burgeri, and Neozoarces steindachneri. In all other members of Zoarcoidei, the 
posterior dorsal-fin pterygiophore supports two elements (Fig. 30). The outgroup taxa Notothenia
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squamifrons, Gasterosteus aculuatus, Leptocottus omatus, Myoxocephalus scorpius, and Oligocottus 
maculatus support a single spine or ray on their posteriormost dorsal-fin pterygiophores, while the other 
outgroups have two in their posteriormost pterygiophores.
57. Dorsal-fin pterygiophore insertion: (0) 1 anteriorly; (1) 2 anteriorly. (ci=0.25; ri=0.5)
In all but one member of Zoarcoidei, a single dorsal-fin pterygiophore inserts anterior to its 
associated neural spine at the dorsal-fin origin. In Zoarces americanus, two pterygiophores insert in the 
interneural space at the dorsal-fin origin. In the outgroup taxa Morone saxatilis, Gasterosteus aculuatus, 
and all Cottidae, two dorsal-fin pterygiophores insert in the interneural space at the dorsal-fin origin.
58. Dorsal fins covered in flesh: (0) uncovered; (1) covered. (ci=0.167; ri=0.783)
In most zoarcoids, the dorsal-fin spines and rays are covered by a layer of flesh. Fin spines and 
rays are at least partially exposed in all Lumpeninae, Lumpenopsis pavlenkoi, Plectobranchus evides, 
Plagiogrammus hopkinsi, Emogrammus hexagrammus, Stichaeus punctatus, Bryozoichthys lysimus, and 
Opisthocentrus ocellatus.
59. Anal-fin spine: (0) absent; (1) present. (ci=0.2; ri=0.556)
At least one anal-fin spine is present in most zoarcoids (Fig. 31). However, Zoarcidae (except 
Lycenchelys paxilla), Zaproridae and Ptilichthyidae lack anal-fin spines. Anal-fin spines also are absent in 
the outgroup family Cottidae.
60. Number of anal-fin spines: (0) 0; (1) 1; (2) greater than or equal to 2. (ci=0.182; ri=0.667)
The number of anal-fin spines varies from none in Ptilichthyidae and all Zoarcidae (except 
Lycenchelys paxilla), to one in Bathymasteridae (Matarese 1990: fig. 15), Anarhichadidae, all 
Neozoarcinae, and the stichaeids Anisarchus medias, Leptoclinus maculatus, Lumpenus sagitta, 
Chirolophis nugator, C. japonicus, Bryozoichthys lysimus, Anoplarchus purpurescens, Alectrias benjamini, 
A. alectrolophus, Gymnoclinus cristatus, Cebidichthys violaceus, Xiphister mucosus and X. atropurpureus 
to two or more in all other Zoarcoidei. For the outgroup taxa, the number of anal-fin spines varies from 
none in the family Cottidae to one in Notothenia squamifrons, Gasterosteus aculuatus, and Ammodytes
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hexapterus to two or more in Morone saxatilis, Serranus subligarius, Hexagrammos decagrammus and 
Ophiodion elongatus. Taxa without anal-fin spines (Character 59) are coded as a
61. Development of first anal-fin spine: (0) weak; (1) robust. (ci=0.090; ri=0.583)
In some taxa, the first anal-fin spine is well developed, while in many others, the first anal-fin 
spine is a small element (Fig. 29). Within Zoarcoidei, all Pholidae, Zaproridae, Anarhichadidae, all 
Neozoarcinae, and the stichaeids Ulvaria subbifurcata, Plectobranchus evides, Lumpenella longirostris, 
Acantholumpenus mackayi, Poroclinus rothrocki, Anisarchus medias, Plagiogrammus hopkinsi, 
Pholidapus dybowski, Bryozoichthys lysimus, Askoldia variegata, Cebidichthys violaceus, Esselenichthys 
laurae, and Dictyosoma burgeri have robust anal-fin spines. Robust anal-fin spines are present in the 
outgroup taxa Morone saxatilis and Serranus subligarius. Taxa without anal-fin spines (Character 59) are 
coded as a “?”.
62. Anal-fin spine insertion: (0) forward; (1) in line. (ci=0.333; ri=0.6)
In most zoarcoids, the anteriormost anal-fin spine inserts in series with the other anal-fin spines. 
However, in the pholids Pholis laeta, Apodichthys flavidus, A. fucorum, and A. sanctoaerosae and in all 
members of Neozoarcinae, the first anal-fin spine inserts two or more centra anterior to the others (Fig. 
29). Taxa without anal-fin spines (Character 59) are coded as a
63. Anal-fin spine groove: (0) absent; (1) present. (ci=1; ri=1)
All species of the pholid genus Apodichthys have a large, grooved anterior anal-fin spine. This 
groove is lacking in all other zoarcoids. Taxa without anal-fin spines (Character 59) are coded as a “?".
64. First anal-fin spine pterygiophore: (0) small; (1) large. (ci=0.1; ri=0.609)
In most zoarcoids, the first anal-fin pterygiophore is small (Fig. 29). However, in Pholidae (except 
Pholis omata), Scytalinidae, all Neozoarcinae, Lumpenopsis pavlenkoi, Plectobranchus evides, 
Lumpenella longirostris, Acantholumpenus mackayi, Poroclinus rothrocki, Anisarchus medias, Stichaeus 
punctatus, and Dictyosoma burgeri, the first anal-fin pterygiophore is long and robust. Taxa without anal- 
fin spines (Character 59) are coded as a
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65. Number of anal-fin rays: (0) £50; (1) >50. (ci=0.5; ri=0.857)
In most Zoarcoidei, when anal-fin rays are present, they number less than 50. However, in 
Ptilichthyidae, all Zoarcidae, and all Neozoarcinae, the number of anal-fin rays is more than 50. Greater 
than 50 anal-fin rays also are present in the anarhichadid Anarrhichthys ocellatus (not coded here; 
Mecklenburg 2003).
66. Anal-fin pterygiophore insertion: (0) single; (1) double. (ci=1; ri=1)
In Zoarcoidei, a single anal-fin pterygiophore inserts in each interhaemal space. The outgroup 
taxa Morone saxatilis and Semanus subligarius have two anal-fin pterygiophores inserting between 
adjacent haemal spines.
67. Posterior anal-fin spines (0) absent; (1) present. (ci=0.333; ri=0)
In most zoarcoids, the anal fin transitions once from spines anteriorly to rays posteriorly.
However, the anal fin in Scytalinidae is composed entirely of spines, so spines are present on the 
terminal anal-fin pterygiophore. In the stichaeid Eumesogrammus praecisus the anal fin transitions twice 
from spines anteriorly to rays in the middle and to spines posteriorly.
68. Anal fins covered in flesh: (0) uncovered; (1) covered. (ci=0.111; ri=0.619)
As with the dorsal fins (Character 58), the anal-fin spines and rays of most zoarcoids are covered 
by a layer of epidermis. Anal-fin spines and rays are at least partially exposed in the stichaeids 
Plectobranchus evides, Lumpenella longirostris, Poroclinus rothrocki, Anisarchus medias, Leptoclinus 
maculatus, Plagiogrammus hopkinsi, Emogrammus hexagrammus, Stichaeus punctatus, Bryozoichthys 
lysimus, Askoldia variegata, and Opisthocentrus ocellatus.
69. Anal-fin distal radials: (0) absent; (1) present. (ci=0.333; ri=0.333)
Distal radials are associated with the anal fins of all Zoarcoidei except Anarhichadidae, the 
zoarcid Lycodonus mirabilis, and the stichaeids Alectrias benjamini, and A. alectrolophus. The specimen
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of Neozoarces steindachneri was poorly stained, making the state of this character difficult to determine, 
so the character was coded as a “?" in the data matrix.
70. Posterior anal-fin supports: (0) single; (1) double. (ci=0.143; ri=0.333)
The posteriormost anal-fin pterygiophore can support either one or two spines or rays. Within 
Zoarcoidei, most posterior anal-fin pterygiophores support a single element (Fig. 30). In Ulvaria 
subbifurcata, Eumesogrammus praecisus, Plagiogrammus hopkinsi, Alectrias benjamini, and A. 
alectrocephalus, the posterior anal-fin pterygiophore supports two elements. In the outgroup taxa Morone 
saxatilis, Serranus subligarius, Ammodytes hexapterus, Hexagrammos decagrammus, and Ophiodon 
elongatus, the posterior anal-fin pterygiophores support two elements.
71. Posterior insertion of dorsal and anal fins: (0) at the same vertebrae; (1) dorsal fin inserts anterior to 
anal fin; (2) anal fin inserts anterior to dorsal fin. (ci=0.087; ri=0.323)
The posteriormost anal-fin and dorsal-fin pterygiophores do not always insert on the same 
centrum (Fig. 30). In Scytalinidae, the zoarcids Zoarces americanus, Lycodonus mirabilis, and Lycodes 
pacificus, and all stichaeids of Neozoarcinae, Stichaeopsis nana, Lumpenopsis pavlenkoi,
Plectobranchus evides, Poroclinus rothrocki, Plagiogrammus hopkinsi, Stichaeus punctatus, Chirolophis 
japonicus, Alectrias alectrolophus, Opisthocentnjs ocellatus, Cebidichthys violaceus, Esselenichthys 
laurae, Dictyosoma burgeri, Xiphister mucosus and X. atropurpureus, the anal-fin and dorsal-fin inserts 
on the same centra. The dorsal fin inserts anterior to the anal fin in Bathymasteridae, all Pholidae (except 
for Apodichthys fucorum where they are equal), and the stichaeids Anisarchus medias, Leptoclinus 
maculatus, Bryozoichthys lysimus, Anoplarchus purpurescens, Alectrias benjamini, Pholidapus dybowski, 
Askoldia variegata, Gymnoclinus cristatus, and Phytichthys chims. In all other zoarcoids examined, the 
anal fin inserts on a centrum anterior to the dorsal fin. In the outgroup taxa, the anal fin and dorsal fin 
insert on the same centrum in Morone saxatilis, Gasterosteus aculuatus, Ammodytes hexapterus, 
Hexagrammos decagrammus, and Leptocottus omatus. In all other outgroups, the anal fin inserts anterior 
to the dorsal fin.
72. Number of pectoral-fin rays: (0) fewer than or equal to 15; (1) more than 15. (ci=0.083; ri=0.421)
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Most zoarcoids have 15 or fewer pectoral-fin rays. However, more than 15 pectoral-fin rays are 
present in Bathymasteridae, Anarhichadidae, Zaproridae, the zoarcids Zoarces americanus, Lycodonus 
mirabilis, and Lycodes pacificus and the stichaeids Ulvaria subbifurcata, Eumesogrammus praecisus, 
Stichaeopsis epallax, Leptoclinus maculatus, Stichaeus punctatus, Pholidapus dybowski, Askoldia 
variegala, and Opisthocentrus ocellatus. The outgroup taxa Morone saxatilis, Serranus subligarius, 
Notothenia squamifrons, Hexagrammos decagrammus, Ophiodon elongatus, Leptocottus omatus, and 
Myoxocephalus scorpius each have more than 15 pectoral-fin rays. The reduction in pectoral-fin rays in 
some zoarcoid taxa was noted by Anderson (1984) and Stoddard (1985). Pectoral-fin rays are absent in 
the pholid Apodichthys sanctoaerosae so this character is coded in the data matrix with a “?".
73. Length of pectoral-fin rays: (0) small; (1) medium; (2) large; (3) absent (ci=0.214; ri=0.593)
Most zoarcoids have small pectoral fins that are less than one half the length of the head. In 
Zaproridae and the stichaeids Chirolophis nugatorand Askoldia variegata, the pectoral fins are large (i.e., 
longer than the head length). Bathymasteridae, the zaorcids Zoarces americanus and Lycenchelys paxilla 
and the stichaeids Ulvaria subbifurcata, Eumesogrammus praecisus, Stichaeopsis nana, Lumpenopsis 
pavlenkoi, Plectobranchus evides, Acantholumpenus mackayi, Poroclinus rothrocki, Anisarchus medias, 
Leptoclinus maculatus, Stichaeus punctatus, Chirolophis japonicus, and Pholidapus dybowski, have 
medium pectoral fins that are about half of the head length. The outgroup taxa Notothenia squamifrons, 
Oligocottus maculatus, Myoxocephalus scorpius, and Cottus caeruleomentum have medium pectoral fins, 
and the remaining outgroups have small pectoral fins. Pectoral-fin rays are absent in the pholid 
Apodichthys sanctoaerosae so this character is coded in the data matrix with a “?”.
74. Pectoral-fin rays: (0) unbranched; (1) branched. (ci=0.25; ri=0.25)
All members of Zoarcoidei have branched pectoral-fin rays except Scytalinidae. The outgroups 
Gasterosteus aculuatus, Leptocottus omatus, Oligocottus maculatus, and Cottus caeruleomentum also 
have unbranched pectoral-fin rays. Pectoral-fin rays are absent in the pholid Apodichthys sanctoaerosae 
so this character is coded in the data matrix with a “?".
75. Number of pectoral fin branches: (0) once; (1) twice. (ci=0.083; ri=0.214)
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Most members of Zoarcoidei have pectoral fins with a single, shallow branch. However, several 
members, including Bathymasteridae, the zoarcids Lycenchelys paxilla, and Eucryphycus califomicus, 
and the stichaeids Eumesogrammus praecisus, Stichaeopsis epallax, Plectobranchus evides, 
Acantholumpenus mackayi, Emogrammus hexagrammus, Stichaeus punctatus, Chirolophis nugator, 
Bryozoichthys lysimus, Anoplarchus purpurescens, Alectrias benjamini, Dictyosoma burgeri, and 
Neozoarces steindachneri, have pectoral-fin rays that branch twice. Pectoral-fin rays are absent in the 
pholid Apodichthys sanctoaerosae so this character is coded in the data matrix with a “?”.
76. Elongate pectoral-fin rays: (0) absent; (1) present. (ci=0.5; ri=0)
Most Zoarcoidei have rounded pectoral fins. However, the ventralmost pectoral-fin rays of 
Plectobranchus evides and Leptoclinus maculatus are elongate. In these two taxa, the ventralmost 
pectoral-fin rays are equal to or longer than the middle pectoral-fin rays. Pectoral-fin rays are absent in 
the pholid Apodichthys sanctoaerosae so this character is coded in the data matrix with a “?”.
77. Pectoral-fin distal radials: (0) absent; (1) present. (ci=0.059; ri=0.36)
Distal radials are associated with pectoral-fin rays in most zoarcoids. However, they are absent in 
Anarhichadidae, Scytalinidae, Zoarcidae (except Lycodes pacificus), the pholid Apodichthys fucomm, all 
Neozoarcinae, and the stichaeids Stichaeopsis epallax, S. nana, Lumpenopsis pavlenkoi, Lumpenella 
longirostris, Acantholumpenus mackayi, Anisarchus medias, Chirolophis japonicus, Anoplarchus 
purpurescens, Alectrias benjamini, Opisthocentrus ocellatus, Esselenichthys laurae, Dictyosoma burgeri, 
Phytichthys chirus, Xiphister mucosus, and X. atropurpureus. Pectoral-fin distal radials are absent in the 
outgroup taxa Notothenia squamifrons and Ophiodon elongatus. The specimen of Neozoarces 
steindachneri was poorly stained, making the state of this character difficult to determine, so the character 
was coded as a “?" in the data matrix. Pectoral-fin rays are absent in the pholid Apodichthys 
sanctoaerosae and are coded in the data matrix with a “?”.
78. Pelvic fin: (0) absent; (1) present. (ci=0.125; ri=0.65)
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External pelvic fins are present in most zoarcoids, but they are lacking in Cryptacanthodidae, 
Zaproridae, Anarhichadidae, Ptilichthyidae, Scytalinidae, the pholids Apodichthys flavidus, A. fucorum, 
and A. sanctoaerosae, the zoarcid Eucryphycus califomicus, all Neozoarcinae, and the stichaeids 
Anoplarchus purpurescens, Alectrias benjamini, A. alectrolophus, Pholidapus dybowski, Opisthocentrus 
ocellatus, Phytichthys chims, Xiphister mucosus, and X. atropurpureus. Pelvic fins are absent in the 
outgroup taxa Ammodytes hexapterus.
79. Pelvic bone: (0) absent; (1) present. (ci=0.25; ri=0.4)
While the external pelvic fin is reduced in many zoarcoids (Character 78), they often have small 
pelvic bones. However, in Ptilichthyidae, the pholids Apodichthys flavidus, A. fucorum, and A. 
sanctoaerosae, and the neozoarcine Zoarchias veniTicus, pelvic bones are absent. Pelvic bones also are 
absent in the outgroup taxon Ammodytes hexapterus.
80. Pelvic-fin spine: (0) absent; (1) present. (ci=0.111; ri=0.692)
Pelvic-fin spines are present in Bathymasteridae (Matarese 1990: fig. 18), the pholids Pholis 
laeta, and Pholis omata, the zoarcids Zoarces americanus, Lycenchelys paxilla, and Lycodonus 
mirabilis, and the stichaeids of all Lumpeninae, Ulvaria subbifurcata, Eumesogrammus praecisus, 
Stichaeopsis epallax, S. nana, Lumpenopsis pavlenkoi, Plectobranchus evides, Plagiogrammus hopkinsi, 
Emogrammus hexagrammus, Chirolophis nugator, C. japonicus, Bryozoichthys lysimus, Gymnoclinus 
cristatus, Esselenichthys laurae, and Dictyosoma burgeri. Pelvic-fin spines are absent in all other 
zoarcoids. Pelvic-fin spines are absent in the outgroup taxa Oligocottus omatus, Myoxocephalus 
scorpius, and Cottus caeruleomentum. Taxa lacking external pelvic fins (Character 78) were coded in the 
character matrix with “?”.
81. Posterior extension of pelvic bone: (0) absent; (1) present. (ci=0.333; ri=0.667)
The outgroup taxa Cottidae, Morone saxatilis, and Gasterosteus aculuatus have well-developed 
pelvic bones with short posterior process (Fig. 32). Zoarcoidei generally have reduced pelvic fins, and all 
members of the suborder lack this feature. Taxa lacking external pelvic fins (Character 78) were coded in 
the character matrix with “?”.
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82. Supraneurals: (0) absent; (1) present. (ci=0.2; ri=0.5)
Imamura and Yabe (2002) identified the absence of supraneurals as a synapomorphy for the 
Cottiformes. However, supraneurals are present in some stichaeids, including Plectobranchus evides, 
Plagiogrammus hopkinsi, Emogrammus hexagrammus, Anoplarchus purpurescens, Alectrias benjamini, 
A. alectrolophus, Xiphister mucosus, and X. atropurpureus (Fig. 31). Supraneurals are also present in 
Morone saxatilis.
83. Principle caudal rays: (0) fewer than or equal to 10; (1) more than 10. (ci=1; ri=1)
Neozoarcinae and Zoarcidae have ten or fewer principle caudal rays. All other zoarcoids have 
more than ten principle caudal rays.
84. Median fins: (0) separate; (1) confluent. (ci=0.143; ri=0.625)
As noted by Stoddard (1985), in most zoarcoids, there is a distinct separation between the 
median fins and caudal fin. However, in all pholids, all zoarcids eamined (except Lycodes pacificus), 
Ptilichthyidae, Scytalinidae, and the stichaeids Stichaeopsis nana, Alectrias benjamini, Cebidichthys 
violaceus, Esselenichthys laurae, Xiphister mucosus, and X. atropurpureus, the median fins and caudal 
fins are continuous.
Lateral line
85. Postcephalic lateral line sensory canal: (0) no lateral line; (1) single lateral line; (2) multiple lateral 
lines. (ci=0.2; ri=0.667)
A key feature of some stichaeids is the presence of multiple trunk lateral-line canals (Makushok 
1958; 1961; Stoddard 1985; Yatsu 1986). Most Zoarcoidei have no trunk lateral line canal or a single 
trunk lateral line canal. However, multiple trunk lateral line canals are present in all stichaeids in 
Eumesogrammus praecisus, Stichaeopsis epallax, Stichaeopsis nana, Plagiogrammus hopkinsi, 
Emogrammus hexagrammus, Esselenichthys laurae, Dictyosoma burgeri, Phytichthys chirus, Xiphister 
mucosus, and X. atropuqyureus (Fig. 34). Single lateral line canals are present in Bathymasteridae, 
Ulvaria subbifurcata, Stichaeus punctatus, Chirolophis nugator, C. japonicus, Bryozoichthys lysimus, and
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Cebidichthys violaceus. The remaining zoarcoids lack trunk lateral line canals. The outgroup taxa 
Gasterosteus aculuatus and Ammodytes hexapterus lack trunk lateral line canals, and Hexagrammos 
decagrammus has multiple canals. The remaining outgroup taxa have a single trunk lateral line canal.
86. Union of abdominal lateral line: (0) absent; (1) present. (ci=0.5; ri=0.0)
The left and right ventrolateral line canals in zoarcoids with multiple lateral line canals (Character 
85) can remain separate or can be connected on the ventromedial surface. Taxa with a connection 
between left and right ventrolateral canals include Stichaeopsis epallax, S. nana, Plagiogrammus 
hopkinsi, Emogrammus hexagrammus, Dictyosoma burgeri, Phytichthys chirus, Xiphister mucosus, and 
X. atropurpureus. Taxa without multiple lateral line canals are coded as a “?” in the data matrix.
87. Branches on lateral line: (0) absent; (1) present. (ci=0.25; ri=0.571)
All zoarcoids with multiple lateral lines (Character 85) have dorsal and/or ventral branches 
extending from each of the main canals on the trunk. In the remaining zoarcoids with a single lateral line, 
the canal is unbranched. Taxa without single or multiple lateral line canals are coded as a “?” in the data 
matrix.
88. Dorsomedial lateral line: (0) absent; (1) present. (ci=0.143; ri=0.6)
Some zoarcoids have a short dorsomedial extension of the cephalic canal that extends 
posteriorly from the commisure of the supratemporal canals, dorsal to the supraoccipital, to the dorsal fin 
origin. These taxa include Bathymasteridae, Stichaeopsis epallax, S. nana, Plagiogrammus hopkinsi, 
Emogrammus hexagrammus, Stichaeus punctatus, Chirolophis japonicus, Bryozoichthys lysimus, 
Anoplarchus purpurescens, Alectrias benjamini, A. alectrolophus, Esselenichthys laurae, Dictyosoma 
bergeri, Phytichthys chirus, Xiphister mucosus, and X. atropurpureus.
89. Cephalic sensory canal pores: (0) normal; (1) enlarged; (2) absent. (ci=0.667; ri=0)
The outgroup Gasterosteus aculuatus lacks cephalic sensory canal pores, and 
Cryptacanthodidae and the zoarcid Lycodonus mirabilis has pores that are greatly enlarged. All other 
zoarcoids have cephalic sensory canal pores that are small.
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90. Infraorbital series: (0) incomplete or absent; (1) complete. (ci=0.167; ri=0.643)
Most zoarcoids have a well-developed, complete series of infraorbitals posterior to the lacrimal. 
However, infraorbitals are not complete or absent in Cryptacanthodidae, Ptilichthyidae, Scytalinidae, all 
Lumpeninae, Lumpenopsis pavlenkoi, Plectobranchus evides, Pholidapus dybowski, Askoldia variegata 
and Opisthocentrus ocellatus (Makushok 1958: figs. 29, 45, 55).
91. Lacrimal: (0) weakly developed or absent; (1) well developed. (ci=0.25; ri=0.7)
The lacrimal is weakly developed or absent in Ptilichthyidae (Hilton and Kley 2005: fig. 5), 
Scytalinidae and all stichaeids in Lumpeninae (Makushok 1958: figs. 45, 60), Lumpenopsis pavlenkoi, 
and Plectobranchus evides. In all other zoarcoids, even those with an incomplete infraorbital series 
(Character 90), the lacrimal is well developed.
Scales
92. Body scales: (0) absent, (1) posterior half of body only; (2) fully scaled (ci=0.286; ri=0.167)
Most zoarcoids have scales completely covering the body. Stoddard (1985) noted that some 
stichaeids had scales on only the posterior half of the body. This character state was present in Alectrias 
benjamini, A. alectrolophus and Phytichthys chirus. The zoarcoids Ptilichthyidae, Scytalinidae, and the 
stichaeid Ulvaria subbifurcata lack body scales. The outgroup taxa Ammodytes hexapterus and Ophiodon 
elongatus lack scales.
93. Cheek scales: (0) absent; (1) present. (ci=0.2; ri=0.714)
While most Zoarcoids have scales on the body, they generally lack scales on the cheek and 
head. Cheek scales are present in Bathymasteridae, Zaproridae, all Lumpeninae, Lumpenopsis 
pavlenkoi, Plectobranchus evides, and Opisthocentrus ocellatus. Cheek scales also are absent on all 
Cottoidei and Ammodytes hexapterus.
94. Scales on caudal fin: (0) absent; (1) present. (ci=0.5; ri=0)
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Scales on the body, if present, in zoarcoids extend posteriorly to the caudal peduncle but do not 
cover the caudal fin rays. In the outgroup taxa Serranus subligarius and Hexagrammos decagrammus, 
scales cover part of the caudal-fin rays.
95. Orbital cirri: (0) absent; (1) present. (ci=0.333; ri=0.333)
Orbital cirri, which consist of fleshy appendages above the eyes, are present in the stichaeids 
Chirolophis nugator, C. japonicus, Bryozoichthys lysimus, and Gymnoclinus cristatus.
96. Cephalic crest: (0) absent; (1) present. (ci=0.333; ri=0.5)
A cephalic crest, a fleshy ridge on the midline of the neurocranium, is present in the stichaeids 
Anoplarchus purpurescens, Alectrias benjamini, A. alectrolophus, Cebidichthys violaceus, and 
Esselenichthys laurae.
Teeth
97. Vomerine teeth: (0) absent; (1) present. (ci=0.1; ri=0.591)
The presence of vomerine teeth in Zoarcoidei is highly variable. Most zoarcoids have teeth on the 
vomer, but they are absent in all Pholidae, Zaproridae, Ptilichthyidae, the zoarcids Zoarces americanus 
and Lycodes pacificus, and the stichaeids Lumpenella longirostris, Acantholumpenus mackayi, Lumpenus 
sagitta, Chirolophis nugator, C. japonicus, Askoldia variegata, Opisthocentrus ocellatus, Dictyosoma 
burgeri, Phytichthys chirus, Xiphister mucosus, and X. atropurpureus. Vomerine teeth are absent in the 
outgroup taxa Notothenia squamifrons, Gasterosteus aculuatus, and Ammodytes hexapterus.
98. Palatine teeth: (0) absent; (1) present. (ci=0.1; ri=0.625)
As with vomerine teeth (Character 97), the presence of teeth on the palatine is highly variable in 
Zoarcoidei. Most zoarcoids have teeth on the palatine, but they are absent in all Pholidae, Zoarcidae 
(except Lycodonus mirabilis) Zaproridae, Ptilichthyidae, and the stichaeids Lumpenella longirostris, 
Acantholumpenus mackayi, Chirolophis nugator, C. japonicus, Askoldia variegata, Opisthocentrus 
ocellatus, Dictyosoma burgeri, Phytichthys chirus, Xiphister mucosus, and X. atropurpureus. Palatine
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teeth are absent in the outgroup taxa Notothenia squamifrons, Gasterosteus aculuatus, Ammodytes 
hexaptems, and Hexagrammos decagrammus.
99. Large canines (0) absent; (1) present. (ci=0.143; ri=0.333)
Several large canine teeth are present on the premaxilla and dentary of the zoarcoids 
Anarhichadidae, Ptilichthyidae, Phytichthys chirus, Xiphister mucosus, X. atropurpureus. All other 
zoarcoids have smaller teeth. Large canines also are present in the outgroup taxa Ophiodon elongatus, 
Leptocottus omatus, and Oligocottus caeruleomentum.
100. Tooth rows: (0) one; (1) more than 1. (ci=0.111; ri=0.2)
Most zoarcoids have several rows of teeth. A single row of teeth is present in Anarhichadidae, 
Ptilichthyidae, the pholids Apodichthys flavidus and A. fucorum, the zoarcids Zoarces americanus, and 
Lycodes pacificus, and the stichaeids Chirolophis nugator, C. japonicus, Opisthocentms ocellatus, 
Gymnoclinus cristatus, and Phytichthys chirus.
Vertebrae
101. Number of total vertebrae: (0) fewer than 80; (1) 80 or more. (ci=0.333; ri=0.846)
Zoarcoidei as a group are elongate fishes, but only Zoarcidae, all Pholidae, Cryptacanthodidae, 
Ptilichthyidae, and all Neozoarcinae have 80 or more total vertebrae. Mecklenburg (2003) notes that the 
anarhichadid Anarrhichthys ocellatus (not coded here) has 221-251 total vertebrae.
102. Number of abdominal vertebrae: (0) fewer than 39; (1) 39 or more. (ci=0.5; ri=0.75)
The number of abdominal vertebrae is fewer than 39 in most zoarcoids. However, all Pholidae 
and Ptilichthyidae have 39 or more abdominal vertebrae.
103. Vertebral centrum symmetry: (0) symmetrical; (1) asymmetrical. (ci=0.2; ri=0.714)
The vertebral centrae of some zoarcoids feature an anteriorly shifted constriction (Makushok 
1958: fig. 11), whereas most zoarcoids have a vertebral constriction in the center of the centrum.
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Zoarcoids with the anterior constriction include Pholidae, Ptilichthyidae (Hilton and Kley 2005: fig. 8), 
Scytalinidae (Hilton 2009: fig. 9), all stichaeids of Neozoarcinae, Bryozoichthys lysimus, Anoplarchus 
purpurescens, Alectrias alectrolophus, Phytichthys chims, Xiphister mucosus, and X. atropurpureus.
104. Vertebral centrum height: (0) tall; (1) wide. (ci=0.067; ri=0.44)
The vertebral centra of some zoarcoids are much greater in length than height. Alternatively, 
vertebral centra can be block-like, or taller than their length. Elongate vertebral centrae are found in all 
Pholidae, Bathymasteridae, Ptilichthyidae, Scytalinidae, the zoarcids Lycodonus mirabilis and 
Eucryphycus califomicus, all stichaeids of Lumpeninae (except Acantholumpenus mackayi), Ulvaria 
subbifurcata, Stichaeopsis epallax, S. nana, Lumpenopsis pavlenkoi, Plectobranchus evides, Alectrias 
alectrolophus, Askoldia variegata, Gymnoclinus cristatus, Esselenichthys laurae, Xiphister mucosus, X. 
atropurpureus, and Zoarchias venificus. Wide vertebral centra also are present in all outgroup taxa except 
Hexagrammos decagrammus, Ophiodon elongatus, Myoxocephalus scorpius, and Oligocottus maculatus.
105. Epineurals: (0) absent; (1) present. (ci=0.5; ri=0)
The stichaeids Poroclinus rothrocki and Esselenichthys laurae lack epineurals. Epineurals are 
present in all other Zoarcoidei.
106. Anterior neural spines: (0) equal sized; (1) some large; (2) some small. (ci=0.333; ri=0.556)
The 2-5 anteriormost neural spines of Ulvaria subbifurcata, Lumpenella longirostris, Lumpenus 
sagitta, Anoplarchus purpurescens, and Gymnoclinus cristatus are twice the width of the more posterior 
neural spines. In all other zoarcoids, the anterior neural spines are about the same width as the more 
posterior neural spines. In the outgroup taxa Cottidae, Hexagrammos decagrammus, and Ophiodon 
elongatus, the anterior neural spines are narrower than the posterior neural spines.
Phvloaenetic Reconstruction
The phylogenetic analysis of our data matrix resulted in three equally most-parsimonious trees of 
662 steps with Cl = 0.179 and Rl = 0.568 (Figs. 35, 36, and 37). The strict consensus of the three trees is 
presented in Fig 38. Complete character transformations and synapomorphies for all nodes in Figure 38
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are summarized in Appendix 2. Support for the trees generally was low. Bremer support values for most 
nodes in the consensus tree were 1-2, indicating low node stability in the tree.
The suborder Zoarcoidei was recovered as a monophyloetic group sister to Cottoidei. However, 
within Zoarcoidei, the family Stichaeidae was not recovered as monophyletic. Within the suborder, 
there were 24 distinct clades. The groups that comprise each clade and the synapomorphies that define 
them are described below (character number in parentheses).
Clade 1: Cottiformes
The order Cottiformes was recovered as a monophyletic group, as proposed by Imamura and 
Yabe (2002). The suborders Cottoidei, represented in this study by two species of Hexagrammidae and 
five of Cottidae, and Zoarcoidei were sister groups based on the following two characters: 1) absence of 
a supraoccipital crest (31), and 2) absence of scales on the cheek (93). Both characters are homoplastic.
Clade 2: Zoarcoidei
All 49 Zoarcoidei included in this study were recovered as a monophyletic group based on the 
following six characters: 1) a single pair of nasal openings (20; synapomorphy), 2) absence of soft dorsal- 
fin rays (44; homoplasy), 3) absence of dorsal-fin distal radials (50; homoplasy), 4) a single, continuous 
dorsal fin (52; synapomorphy), 5) dorsal fins covered by a layer of flesh (58; homplasy), and 6) anal fins 
covered in flesh (68; homoplasy). The basal taxon of Zoarcoidei was recovered as Ulvaria subbifurcata of 
the stichaeid subfamily Stichaeinae, which was sister to Clade 3.
Clade 3: Eumesogrammus praecisus + Clade 4
Clade 3 contains all zoarcoids except Ulvaria subbifurcata and is supported by the following five 
characters: 1) presence of a hook-like process on the ventral margin of the anterior ceratohyal (15), 2) 
presence of a nasal pore tube (21), 3) pectoral-fin rays branch twice (75), 4) presence of multiple trunk
126
lateral line canals (85), and 5) presence of dorsal and/or ventral branches on trunk lateral line canals 
(87). All characters are homoplastic.
Clade 4: Stichaeopsis epallax + Clade 5
Clade 4 contains all zoarcoids except Ulvaria subbifurcata and Eumesogrammus praecisus. 
Clade 4 is supported by the following three synapomorhies: 1) dorsal fins with an anterior-to-posterior 
increase in spine length (48), 2) posteriormost anal-fin distal radial supports a single spine or ray (70), 
and 3) the presence of a dorsomedial lateral line canal extending from the neurocranium to the dorsal- 
fin origin (88). All characters are homoplastic.
Clade 5: Clade 6 + all remaining zoarcoids
Clade 5 comprises nine species within Clade 6 and a large clade containing all remaining 
zoarcoids. Clade 5 is supported by the following homoplasy: 1) posteriormost dorsal-fin and anal-fin 
pterygiophores insert on the same vertebrae (71).
Clade 6: Stichaeopsis nana + Lumpenopsis pavlenkoi + Plectobranchus evides + all Lumpeninae
Clade 6 contains stichaeids from three subfamilies, including Stichaeopsis nana (Stichaeinae), 
Lumpenopsis pavlenkoi (Opisthocentrinae), Plectobranchus evides (Opisthocentrinae), and all 
Lumpeninae. Clade 6 is supported by the following two characters: 1) absence of postcleithral elements 
(39), and 2) pectoral-fin rays branch once (75). Both characters are homoplastic.
Within Clade 6, all taxa from the stichaeid subfamily Lumpeninae included in this study (six 
genera and six species) were recovered as monophyletic. Monophyly of Lumpeninae is supported by the 
following three characters: 1) loose juncture between parhypural+hypural 1 and the haemal spine of 
preural centrum 2 (1; homoplasy), 2) uroneural fused to the ural centrum (3; synapomorphy), and 3)
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posteriormost dorsal-fin pterygiophore supports one spine (56; synapomorphy). The subfamily 
Lumpeninae was recovered as a sister group to Plectobranchus evides.
Clade 7: Clade 8 + all remaining zoarcoids
Clade 7 comprises two species within Clade 8 and a large clade containing all remaining 
zoarcoids. Clade 7 is supported by the following two characters: 1) uroneural fused to the ural centrum 
(3), and 2) vertebral centra block-like, or taller than their length (104). Both characters are homoplastic.
Clade 8: Emogrammus hexagrammus + Plagiogrammus hopkinsi
Clade 8 comprises two genera, Emogrammus hexagrammos and Plagiogrammus hopkinsi 
(Stichaeinae). The clade is supported by the following three characters: 1) hypural 2 is larger than 
hypural 3 (6), 2) small pectoral-fin rays (73), and 3) supraneurals present (82). All characters are 
synapomorphies.
Clade 9: Stichaeus punctatus + all remaining zoarcoids
Clade 9 comprises Stichaeus punctatus (Stichaeinae) and a large clade containing all remaining 
zoarcoids. Clade 9 is supported by the following four characters: 1) two or fewer hypural elements 
dorsal to the caudal-fin diastema (5), 2) posttemporal unforked (38), 3) one trunk lateral line canal (85), 
and 4) no dorsal and/or ventral branches on lateral line canals (87). All characters are homoplastic.
Clad 10: Ronquilis jordani + all remaining zoarcoids
Clade 10 comprises Ronquilis jordani (Bathymasteridae) and a large clade of the remaining 
zoarcoids. Clade 10 is supported by the following two characters: 1) no process on the ventral margin of 
the anterior ceratohyal (15), and 2) one anal-fin spine (60). Both characters are homoplastic.
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Bathymasteridae: The family Bathymasteridae is represented in our study by one representative, 
Ronquilis jordani, out of three genera and seven total species in the family (Mecklenburg, 2003b; 
Stevenson and Matarese, 2005). Based on this species, the family is supported by the following five 
characters: 1) rostral cartilage round or spherical (25), 2) dorsal-fin rays present (44), 3) dorsal-fin distal 
radials present (50), 4) cheek scale present (93), and 5) elongate vertebral centra (104). All characters 
are homoplastic.
Clade 11: Clade 12 + all remaining zoarcoids
Clade 11 comprises two species within Clade 12 and a large clade containing all remaining 
zoarcoids. Clade 11 is supported by the following three characters: 1) absence of sclerotic ossicles (26),
2) dorsal-fin spines not graded (48), and 3) more than 50 dorsal-fin spines (49). All characters are 
homoplastic.
Clade 12: Chirolophus japonicus + C. nugator.
Clade 12 comprises the two species of Chirolophus, C. japonicus and C. nugator (Chirolophinae), 
included in this sudy. Clade 12 is supported by the following three characters: 1) gill membrane junction 
shifted posterior to the pectoral fin insertion (17), 2) vomerine teeth absent (97), and 3) palatine teeth 
absent (98). Both characters are synapomorphies.
Clade 13: Bryozoichthys lysimus + all remaining zoarcoids
Clade 13 comprises Bryozoichthys lysimus (Chirolophinae) and a large clade containing all 
remaining zoarcoids. Clade 13 is supported by the following homoplastic character: 1) small pectoral-fin 
rays (73).
Clade 14: Clade 15 + all remaining zoarcoids
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Clade 14 comprises three stichaeid species within Clade 15 and a large group containing all 
remaining zoarcoids and is supported by the following four characters: 1) fewer than four branchiostegal 
rays on the anterior ceratohyal (11), 2) pelvic fin absent (78), 3) pelvic-fin spine absent (80), and 4) no 
lateral line canal on the trunk (85). All characters are homoplastic.
Clade 15: Anoplarchus purpurescens, Alectrias alectrolohpus, and A. benjamini
Clade 15 comprises three stichaed species, Anoplarchus purpurescens, Alectrias alectrolohpus, 
and A. benjamini (Xiphisterinae). Monophyly of Clade 15 is supported by the following three characters: 
1) dorsal-fin spines increase in an anterior-to-posterior direction (48), 2) supraneurals present (82), and
3) cephalic crest present (96). All characters are synapomorphies.
Clade 16: Clade 17 + all remaining zoarcoids
Clade 16 comprises five species within Clade 17 and a large clade containing the remaining 
zoarcoids. Monophyly of Clade 16 is supported by the following three characters: 1) absence of 
postcleithral elements (39), 2) pectoral-fin rays branch only once (75), and 3) absence of dorsomedial 
lateral line (88). All characters are homoplastic.
Clade 17: Cryptacanthodes maculatus, Pholidapus dybowski, Askoldia variegata, Zaprora silenus, and 
Opisthocentrus ocellatus.
Clade 17 comprises five species in total, representing the families Cryptacanthodidae, 
Zaproridae, and three genera from the stichaeid subfamily Opisthocentrinae. Monophyly of Clade 17 is 
supported by the following two characters: 1) ribs long (41), and 2) two or more anal-fin spines (60). 
Both characters are homoplastic.
Cryptacanthodidae: Within Clade 17, Cryptacanthodes maculatus, the only represenative of
Cryptacanthodidae included in this study, out of one genus and four species in the family (Mecklenburg
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2003c; Nelson 2006), was recovered as sister to all the remaining taxa in Clade 17. Based on this 
specimen, monophyly of Crypytacanthodidae is supported by the following 10 characters: 1) space of 
caudal-fin diastema wide (4), 2) proximal tip of epural 3 wide (9), 3) fewer than four branchiostegal rays 
on anterior ceratohyal (12), 4) anteriormost branchiostegal ray displaced well forward of the other rays 
(14), 5) insertion of the first dorsal-fin pterygiophore posterior to the second neural spine (53), 6) 
posterior dorsal-fin proximal-middle radials with a pronounced lateral keel (54), 7) posteriormost dorsal- 
fin pterygiophore supports a single spine (56), 8) posteriormost anal-fin pterygiophore inserts on a 
vertebrae anterior to the posteriormost dorsal-fin pterygiophore (71), 9) cephalic sensory canal pores 
greatly enlarged (89), and 10) number of total vertebrae more than 80 (101). Character 54 is a 
synapomorphy, and the remaining characters are homoplastic.
Zaproridae: Also within Clade 17, the monotypic family Zaproridae (Nelson, 2006) was recovered as 
sister to the stichaeid Opisthocentrus ocellatus. The family Zaproridae is supported by the following 
seven characters: 1) three or more hypural elements dorsal to the caudal fin diastema (5), 2) four 
branchiostegal rays on anterior ceratohyal (11), 3) absence of a dentary shelf (18), 4) absence of a nasal 
pore tube (21), 5) presence of dorsal-fin distal radials (50), 6) anal-fin spine absent (59), and 7) 
infraorbital series well developed (90). All characters are homoplastic.
Clade 18: Gymnoclinus cristatus + all remaining zoarcoids
Clade 18 comprises the stichaeid Gymnocllinus cristatus (Chirolophinae) and all remaining 
zoarcoids. Clade 18 is supported by the following four characters: 1) uroneural free from the terminal 
centrum (3), 2) more than four branchiostegal rays on the anterior ceratohyal (11), 3) large gap between 
scapula and coracoid (32), and 4) presence of a single row of teeth (100). All characters are homoplastic.
Clade 19: Anarhichas lupus + all remaining zoarcoids
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Clade 19 comprises Anarhichas lupus (Anarhichadidae) and all remaining zoarcoids. Clade 19 is 
supported by the following five characters: 1) coracoid small (34), 2) dorsal-fin distal radials present (50),
3) first anal-fin spine robust (61), 4) pectoral-fin distal radials absent (77), and 5) large canines present 
(99). All characters are homoplastic.
Anarhichadidae: The family Anarhichadidae was represented in our study by one species, Anarhichas 
lupus, out of two genera and four species in the family (Mecklenburg 2003; Nelson 2006). Based on this 
species, the family is supported by the following seven characters: 1) branchiostegal rays increase in 
length from anterior to posterior (13), 2) left and right gill membranes narrowly connected (16), 3) 
scapula small (33), 4) dorsal-fin spine length increases from anterior to posterior (48), 5) anal-fin distal 
radial present (69), 6) posteriormost anal-fin pterygiophore inserts on the centra anterior to the 
posteriormost dorsal-fin pterygiophore (71), and 7) more than 15 pectoral-fin rays (72).
Clade 20: Cebidichthys violaceus + Clade 21 + Clade 22
Clade 20 comprises a polytomy of three clades comprising Cebidichthys violaceus (Xiphisterinae) 
and two clades of the remaining zoarcoid taxa. Clade 20 is supported by the following five characters: 1) 
four branchiostegal rays on the anterior ceratohyal (11), 2) dorsal-fin spines short (46), 3) fewer than or 
equal to 50 dorsal-fin spines (49), 4) only one spine supported by the posteriormost dorsal-fin 
pterygiophore (56), and 5) median fins continuous (84). All characters are homoplastic.
Clade 21: Clade 23 + Clade 24
Clade 21 comprises two groups, a clade containing Dictyosoma burgeri + Esselenichthys laurae 
(Xiphisterinae) in Clade 23 and a clade containing Neozoarcinae + Zoarcidae in Clade 24. Clade 21 is 
supported by the following two characters: 1) coracoids small (34; homoplasy), and 2) one postcleithral 
element (39; synapomorphy).
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Clade 22: Esselenichthys laurae + Dictyosoma burgeri
Clade 22 comprises two genera, Esselenichthys laurae and Dictyosoma burgeri (Xiphisterinae). 
The clade is supported by the following three characters: 1) two or more anal-fin spines (60), 2) multiple 
trunk lateral lines (85), and 3) dorsomedial lateral line present (88). All characters are homoplastic.
Clade 23: Scytalina cerdale + Phytichthys chirus + Xiphister spp. + Clade 25
Clade 23 is comprised of a polytomy containing the family Scytalinidae, three stichaeids from 
the subfamily Xiphisterinae, and a clade containing Ptilichthyidae and Pholidae. This group is supported 
by the following six characters: 1) small scapulas (33; homoplasy), 2) dorsal-fin distal radials absent (50; 
homoplasy), 3) two or more anal-fin spines (60; homoplasy), 4) vomerine teeth absent (97; homoplasy), 
5) asymmetric vertebral centra (103; synapomorphy), and 6) vertebral centra wider than tall (104; 
homoplasy).
Scytalinidae: Within Clade 23, the family Scytalinidae is supported by the following 15 characters: 1) 
epurals curved (8), 2) scapular foramen closed (36), 3) more than 50 dorsal-fin spines (49), 4) first dorsal- 
fin pterygiophore inserts posterior to the second neural spine (53), 5) free dorsal-fin pterygiophores 
present (55), 6) first anal-fin spine weakly developed (61), 7) first anal-fin spine pterygiophore weakly 
developed (64), 8) spines present on posterior anal-fin pterygiophores (67), 9) pectoral-fin rays 
unbranched (74), 10) infraorbital series absent (90), 11) lacrimal absent (91), 12) scales absent (92), 13) 
vomerine teeth present (97), 14) palatine teeth present (98), and 15) large canines present (99). All 
characters are homoplastic.
Clade 24: Neozoarcinae + Zoarcidae
Clade 24 unites the stichaeid submfamily Neozoarcinae as a sister group with the family 
Zoarcidae. Clade 24 is supported by the following six characters: 1) epurals reduced in size (7), 2) caudal
133
fin pointed (10), 3) process on ventral margin of coracoid present (35), 4) more than 50 anal-fin rays 
(65), 5) median fins confluent (83), and 6) more than 80 total vertebrae (101). All characters are 
synapomorphies.
Within Clade 24, the two species of the stichaeid subfamily Neozoarcinae included in this study, 
Neozoarces and Zoarchias, were recovered as a monophyletic unit based on the following seven 
characters: 1) wide space between the parhypural +hypural 1 and the haemal spine of preural centrum 
2 (1), 2) uroneural fused to the terminal centrum (3), 3) more than four branchiostegal rays on the 
anterior ceratohyal (11), 4) one anal-fin spine (60), 5) anterior anal-fin pterygiophore inserts two or 
more centra anterior to the others (62), 6) first anal-fin spine pterygiophore long and robust (64), and 7) 
asymmetrical vertebral centra (103). All characters are synapomorphies.
Zoarcidae: Also within Clade 24, all five genera and five species of Zoarcidae included in this study, out 
of 46 genera and 240 species in the family (Anderson and Fedorov 2004; Nelson 2006), were recovered 
as a monophyletic group, supported by the following five characters: 1) anterior to posterior increase in 
branchiostegal ray length (13; synapomorphy), 2) nasal-pore tube present (21; synapomorphy), 3) anal- 
fin spines absent (59; homoplasy), 4) more than 15 pectoral-fin rays (72; homoplasy), and 5) palatine 
teeth present (Character 98; homoplasy).
Clade 25: Ptilichthys goodei + Pholidae
Clade 25 comprises the monotypic family Ptilichthyidae and the five taxa of Pholidae included in 
this study. Clade 25 is supported by the following three characters: 1) pectoral-fin distal radials present 
(77; homoplasy), 2) 80 or more total vertebrae (101; synapomorphy), and 3) 39 or more abdominal 
vertebrae (102; homoplasy).
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Ptilichthyidae: The family Ptilichthyidae is supported by the following 11 characters: 1) caudal fin 
pointed (10), 2) left and right gill membranes not connected (16), 3) fleshy appendage on chin (22), 4) 
soft dorsal-fin rays present (44), 5) dorsal-fin distal radials present (50), 6) anal-fin spine absent (59), 7) 
more than 50 anal-fin rays (65), 8) posterior anal-fin pterygiophore supports two rays (70), 9) 
infraorbital series absent (90), 10) lacrimal absent (91), 11) scales absent (92). Character 22 is a 
synapomorphy, and the remaining characters are homoplastic.
Pholidae: Within Clade 25, the two genera and five species of the family Pholidae included in our 
analysis, out of three genera and 15 species in the family (Mecklenburg 2003; Nelson 2006), were 
recovered as a monophyletic unit based on the following five characters: 1) branchiostegal rays increase 
in length in an anterior-to-posterior direction (13), 2) dentary shelf present (18), 3) parapophysial stays 
absent (40), 4) first anal-fin spine large and robust (65), and 5) large canines absent (99). All characters 
are synapomorphies.
DISCUSSION
Monophvlv of Zoarcoidei
The suborder Zoarcoidei was recovered as a monophyletic unit, which is congruent with other 
mophological (Matarese 1990; Imamura and Yabe 2002) and molecular studies (Kartavtsev et al. 2009; 
Kwun and Kim 2013). Matarese (1990) was among the first to test the monophyly of Zoarcoidei through 
outgroup comparison in a morphological study. Her analysis, which was focused on the systematics of 
Bathymasteridae, recovered the four families of Zoarcoidei included in her study (Zoarcidae, Pholidae, 
Stichaeidae, and Bathymasteridae) as a monophyletic group sister to Pinguipedidae (Trachinoidei) based 
on 15 synapomorphies. Imamura and Yabe (2002) identified three synapomorphies to support monophyly 
of Zoarcoidei and found zoarcoids as sister to Cottoidei in the order Cottiformes based on 13 
synapomorphies. While we recovered the same relationships proposed by Imamura and Yabe (2002), a
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different set of characters were identified to define the groups. In our analyses, two characters support 
monophyly of Cottiformes (Clade 1, above), and six characters support monophyly of Zoarcoidei (Clade 
2, above). Both characters supporting Cottiformes, absence of a supraoccipital crest and cheek scales 
absent, were homoplastic in Zoarcoidei, showing reversals in four and eleven taxa, respectively. Only two 
of six characters supporting monophyly of Zoarcoidei, the presence of a single pair of nasal openings and 
the presence of a single, continuous dorsal fin, were synapomorphies for Zoarcoidei; the remaining four 
characters were homoplasious. Overall, the results of this study contribute to the growing body of 
evidence to support the monophyly of Zoarcoidei and its position as sister to Cottoidei within Cottiformes.
Prior to this study, morphological studies had not sufficiently tested the monophyly of Stichaeidae 
within Zoarcoidei. Stoddard (1985) and Yatsu (1986) examined the relationships of subfamilies or tribes 
within Stichaeidae and lacked non-stichaeid outgroups. Anderson (1984; 1994), in his study focused 
primarily on the systematics of the family Zoarcidae, examined nine stichaeid genera, but he combined 
features of all genera into a generalized “Stichaeidae” for his analysis of the relationships within 
Zoarcoidei. Likewise, Matarese (1990) examined six genera of Stichaeidae as part of her study on 
bathymasterid relationships, but she combined characters into a single “Stichaeidae” for her analysis of 
four zoarcoid families.
Recent molecular studies have had much broader taxonomic coverage of Stichaeidae and 
Zoarcoidei and offer insight into the relationships of the family (Kartavtsev et al. 2009; Radchenko et al. 
2009; Turanov et al. 2012; Betancur-R et al. 2013; Kwun and Kim 2013). The trend in these studies is 
that Stichaeidae is not monophyletic at the family or subfamily. For example, in their phylogenetic study of 
Zoarcoidei based on the mitochondrial gene COI, Turanov et al. (2012) recovered only two subfamilies of 
Stichaeidae out of five as monophyletic. Their results recovered Chirolophinae (represented by two 
species of Chirolophis) and Opisthocentrinae (six genera, seven species) as monophyletic, but 
Lumpeninae (seven genera, seven species), Xiphisterinae (five genera, five species), and Stichaeinae 
(two genera, two species) were polyphyletic. Perhaps a more troublesome result from molecular studies 
is that the other families of Zoarcoidei frequently are recovered as a complex with groups of stichaeids. 
For example, Kwun and Kim (2013), using COI and 16S mitochondrial rRNA and RAG2 and RNF213
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nuclear DNA data, recovered a complex of Stichaeidae + Bathymasteridae + Cryptacanthodidae + 
Pholidae + Ptilichthyidae + Zaproridae.
While Zoarcoidei was recovered as a monophyletic group in our analysis, the relationships 
among families within the suborder were less certain. Three zoarcoid families (Zaproridae, Ptilichthyidae, 
and Scytalinidae) are monotypic. In this study, they each showed a high degree of anatomical 
specialization with 7,11, and 16 synapomorphies, respectively. Of the remaining five zoarcoid families, 
multiple taxa were not included in our analysis for Bathymasteridae, Anarhichadidae, or 
Cryptacanthodidae, so monophyly of those families could not be tested. However, monophyly of these 
families is in little doubt. Matarese (1990) supported monophyly of Bathymasteridae based on seven 
anatomical characters, both genera of Anarhichadidae are distinct for their long bodies, large heads, and 
large canines (Mecklenburg 2003), and, as summarized by Nawojchik (1986), monophyly of 
Cryptacanthodidae is not disputed (also, Schnell and Hilton, unpublished study). The five species of 
Pholidae included in our analysis were recovered as a monophyletic family based on five 
synapomorphies (see Phylogenetic Reconstruction, above), and the five species of Zoarcidae were 
recovered as monophyletic, also based on five synapomorphies (see Phylogenetic Reconstruction, 
above). However, Stichaeidae was not recovered as a monophyletic family.
Of the six subfamilies of Stichaeidae (Stichaeinae, Opisthocentrinae, Xiphisterinae,
Chirolophinae, Lumpeninae, and Neozoarcinae) as defined by Makushok (1958) and sumarized by 
Mecklenberg and Sheiko (2004), only Lumpeninae and Neozoarcinae were recovered as monophyletic in 
our analysis; each of the other subfamilies were recovered as polyphyletic within Zoarcoidei. Stichaeinae 
was recovered in two groups on the consensus tree, Opisthocentrinae in two groups, Xiphisterinae in 
three groups, and Chirolophinae in two groups. Polyphyly of Stichaeidae is likely a result of the general 
trend in anatomical reduction in the family and the high degree of homoplasy in the characters included in 
this study. The descriptions of stichaeid subfamilies generally contain a number of variable characters 
(Makushok 1958; Mecklenburg and Sheiko 2004). In defining Opisthocentrinae, Makushok (1958) noted a 
number of ubiquitous descriptors of the subfamily that separate it from remaining stichaeids, including 
body elongate, head without dermal appendages, cephalic lateral line canals well developed, no trunk
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lateral line canals, pectoral fins large, and gill membranes joined, but he also noted a number of variable 
anatomical features within Opisthocentrinae. Some of these variable characters include pelvic fins small, 
rudimentary, or absent, scales completely cover the head, only present on cheeks, or absent from the 
head, branchiostegal rays five or six, and anal-fin spines number one or two. Of 106 anatomical 
characters in our analysis, 41 (39%) were recovered as variable among the five genera and five species 
of Opisthocentrinae. Of these 41 characters, the following eight were distinct between the two groups of 
opisthoncentrines (character number in parentheses): hypural elements dorsal to caudal fin diastema (5), 
number of branchiostegal rays on anterior ceratohyal (11), dentary shelf present/absent (18), 
posttemporal forked.unforked (38), size of first anal-fin pterygiophore (64), number of pectoral-fin rays 
(72), pelvic-fin spine present/absent (80), and development of lacrimal (91). The subfamilies Stichaeinae, 
Xiphisterinae, and Chirolophinae also show a high degree of anatomical variability among their genera, 
which makes identifying groups difficult.
As in recent molecular studies, most of the other families of Zoarcoidei were nested within 
stichaeid subfamilies. Cryptacanthodidae was a sister taxa of the opisthocentrine Pholidapus dybowski, 
and Zaproridae was a sister taxa to the opisthocentrine Opisthocentrus ocellatus. Anarhichadidae was a 
sister taxa to the chirolophine Gymnoclinus cristatus. Scytalinidae was recovered in a polytomy with 
several taxa of xiphisterines. Ptilichthyidae was recovered as sister to Pholidae, which was the same set 
of relationships recovered using molecular data by Radchenko et al. (2010; 2012). Given the high level of 
homoplasy in Stichaeinae, Opisthocentrinae, Xiphisterinae, and Chirolophinae, the lack of 
synapomorphies for these subfamilies, and the inclusion of other zoarcoid families nested within the 
topology of the recovered phylogenetic trees, the current classification of Stichaeidae likely does not 
accurately reflect the evolutionary history of Zoarcoidei.
Homoplasy in Stichaeidae makes it diffcult to use anatomical data alone to resolve the greater 
issue of systematics of Zoarcoidei. A taxonomically comprehensive molecular approach, or one using 
combined molecular and morphological data, will likely have greater success at resolving the 
relationships within Zoarcoidei. A combined-evidence approach has proven informative in reconciling the 
systematics of a number of organisms with high levels of homoplasy, including acoel worms (Tekle et al.
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2005), beetles (Forgie et al. 2006), bristleworms (Zanol et al. 2013), and toads (Pramuk 2006). Combined 
evidence approaches have been employed in fish systematics in characins (Pretti et al. 2009), darters 
(Porterfield et al. 1999), needlefishes (Lovejoy and Collette 2001), and sea catfishes (Betancur-R et al. 
2007).
Monophvlv and Position of Lumoeninae
Lumpeninae is one of the most diverse subfamilies of Stichaeidae with nine genera and twelve 
species (Mecklenburg and Sheiko 2004; Shinohara and Yabe 2009). Lumpeninae is one of the most 
widely distributed of the stichaeid subfamilies with three genera, Anisarchus, Leptoclinus, and Lumpenus, 
exhibiting holarctic distributions (Mecklenburg and Sheiko 2004). Lumpeninae also includes the rarest 
stichaeid, Neolumpenus unocellatus, a genus and species described from a single specimen recovered 
from the stomach contents of a Pacific cod, Gadus macrocephalus, collected off Hokkaido, Japan in 1984 
(Miki et al. 1987). Throughout their ranges, lumpenines inhabit a variety of habitats, including sand, mud, 
pebble and rocky substrates, sometimes associated with structure such as algae, seagrass, or the 
calcified tubes of polychaetes (Mecklenburg and Sheiko 2004). Most lumpenines inhabit shallow marine 
waters, although Acantholumpenus is sometimes collected in brackish waters and Lumpenella has been 
collected at depths of 1,140 m.
The subfamily Lumpeninae has been described as a distinct group within Stichaeidae based on a 
number of anatomical specializations, including the reduction of the infraorbital series and cephalic 
sensory canal system, the lack of dermal appendages, well-developed pectoral and pelvic fins, gill 
membranes free from the isthmus, scales generally present on the cheeks, and last dorsal-fin 
pterygiophore supporting a single spine (Makushok 1958; Miki 1985; Miki et al. 1987; Shinohara and 
Yabe 2009). Even at the larval stage, Lumpeninae can be distinguished from other stichaeids by their 
long, slender bodies, long guts, and pigmentation restricted to the hindgut and caudal fin region 
(Matarese et al. 2014). Lumpeninae is usually recovered as a monophyletic group in molecular studies 
(Radchenko et al. 2009; 2011; Betancur-R et al. 2013; Kim et al. 2013; Kwun et al. 2013), with the 
exception of Turanov et al. (2012), who found it polyphyletic with other stichaeids and zoarcoids. In our 
analyses, this combination of characters accurately described the subfamily, but only three characters
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(loose juncture between parhypural+hypural 1 and the haemal spine of preural centrum 2, uroneural 
fused to the ural centrum, and last dorsal-fin pterygiophore supporting a single spine) were identified as 
synapomorphies. The relationships within Lumpeninae were consistent in all three most-parsimonious 
trees recovered in this study. At the base of Lumpeninae was a clade comprising Acantholumpenus 
mackayi and Lumpenella longirostris, which was sister to a fully resolved clade comprising (Poroclinus 
rothrocki(Anisarvhus medias(Leptoclinus maculatus Lumpenus sagitta))). The sister taxon of Lumpeninae 
was recovered as Plectobranchus evides, a member of Opisthocentrinae, in all trees. Makushok (1958) 
considered Opishocentrinae and Lumpeninae as close relatives based on a number of anatomical 
similarities, including moderate or large pectoral fins, structure of pelvic fins (when present), and 
epipleurals in the abdominal region only. Given such strong lines of anatomical, developmental, and 
molecular evidence to support the monophyly of Lumpeninae, and the uncertainty of other stichaeid 
subfamily classifications within Zoarcoidei, it is possible that Lumpeninae represents a separate family, 
Lumpenidae, within the suborder.
Position of Neozoarcinae
The subfamily Neozoarcinae, sensu Anderson (1984; 1994), comprises four genera 
(Azygopterus, Eulophias, Neozoarces, and Zoarchias), and about 14 species (Mecklenburg and Sheiko 
2004; Kimura and Sato 2007). All members of Neozoarcinae inhabit intertidal and nearshore waters of the 
Western North Pacific Ocean from northeast China to Russia (Mecklenburg and Sheiko 2004; Kimura and 
Sato 2007). The genera Azygopterus and Eulophias are found in rocky, shell rubble and sandy habitats at 
depths of 50-150 m and the genera Neozoarces and Zoarchias are found in rocky shores, tide pools, 
seagrass beds, and sargassum mats (Mecklenburg and Sheiko 2004, Kimura and Sato 2007). All species 
of Neozoarcinae are generally small (<30 cm TL), elongate fishes with dorsal and anal fins confluent with 
the caudal fins.
The composition and systematic position of Neozoarcinae within Zoarcoidei has long been 
debated. Some researchers include them in the family Zoarcidae (Makushok 1958,1961; Hatooka 2002; 
Fedorov 2004), others include them in the family Stichaeidae (Anderson 1984; 1994; Mecklenburg and 
Sheiko 2004; Nelson 2006; Kimura and Sato 2007), others classify Azygopterus and Eulophias as
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Stichaeidae and Neozoarces and Zoarchias as Zoarcidae (Lindberg and Krasyukova 1989), and others 
elevate some genera of Neozoarcinae to their own subfamilies or families (Radchenko et al. 2012; Kwun 
and Kim 2013). Zemnukhov (2012) resurrected the subfamily Azygopterinae of Makushok (1958) to 
include Azygopterus and Leptostichaeus, formerly in the subfamily Lumpeninae, based on several shared 
anatomical features, giving Neozoarcinae five potential genera.
Makushok (1961) noted similarities in the fused medial halves of the dorsal-fin rays of 
Neozoarcinae and members of the Zoarcidae subfamily Gymnelinae. Other anatomical features shared 
by Neozoarcinae and Zoarcidae are found in the structure of the mouth and feeding apparatus, digestive 
tract, the lack of trunk lateral line canals, high vertebral count, and reduced caudal fin structure 
(Makushok 1961). However, Anderson (1984; 1994) suggested that these features were not sufficient to 
place Neozoarcinae within Zoarcidae. Instead, he identified four major differences between Neozoarcinae 
and Zoarcidae, including presence of intercalar, trunk lateral line canal not passing through the lateral 
extrascapulars alone, gill membrane free from isthmus, and caudal fin with more than one epural. He also 
noted the following three synapomorphies that united Neozoarcinae with the “higher stichaeoids," a group 
including Stichaeidae, Pholidae, and Scytalinidae, including dorsal fin completely spinous or with spines 
anteriorly and rays posteriorly, first anal-fin ray with an enlarged spine, and long, narrow frontals. 
Anderson (1984; 1994) afforded Neozoarcinae subfamily status within Stichaeidae due to the presence of 
pleural ribs in Neozoarcinae, which he found to be lacking in Scytalinidae (although Hilton, 2009, shows 
that they are present) and Pholidae, the other two families of his “higher stichaeoids." Further, Anderson 
(1984; 1994) divided Neozoarcinae into two tribes: Neozoarcini comprising the genera Neozoarces and 
Zoarchias and Eulophiini comprising the genera Azygopterus and Eulophias based on differences in the 
number of abdominal vertebrae, the presence/absence of a sphenotic-parasphenoid articulation, the 
presence/absence of a separation between the paired parietals, the presence/absence of vomerine and 
palatine teeth, the number of branchiostegal and pectoral fin rays, and the presence/absence of a pyloric 
caeca.
A recent molecular study by Radchenko et al. (2010) using nucleotide data from COI, cytochrome 
b, and 16S rRNA recovered the genus Neozoarces as sister to the family Zoarcidae. The levels of genetic
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divergence between Neozorces and Zoarcidae (11.9%) were significantly lower than the divergence 
between Neozoarces and representatives of Stichaeidae (13.9%) and other zoarcoids (>14%), which led 
Radchenko et al. (2010) to include Neozoarces in the subfamily Neozoarcinae within Zoarcidae. Further 
molecular studies also recovered Neozoarces as a sister group to Zoarcidae rather than Stichaeidae 
(Radchenko et al. 2011; Radchenko et al. 2012; Chereshnev et al. 2013). Radchenko et al. (2012) 
considered Neozoarces as a member of a new family, Neozoarcidae. Kwun and Kim (2013) recovered 
Zoarchias as a sister genus to Neozoarces in a clade separate from other Zoarcoidei and supported the 
inclusion of Zoarchias and Neozoarces in a separate family within the suborder.
My results agree with those of recent molecular studies and suggest that Zoarchias and 
Neozoarces share a close relationship with Zoarcidae. Six anatomical synapomorphies unite 
Neozoarcinae and Zoarcidae (Clade 22), but, based on these data alone, It is unclear if Neozoarcinae 
should be reclassified as a distinct family within Zoarcoidei or if it is a subfamily of Zoarcidae. 
Neozoarcinae has seven unique morphological characters to distinguish it from Zoarcidae, and Zoarcidae 
has five characters to distinguish it from Neozoarcinae. Zoarcidae is one of the most diverse families of 
Zoarcoidei with four subfamilies, about 46 genera, and about 230 species (Nelson 2006), and many 
genera show dramatic anatomical specialization. Until a more rigorous phylogenetic analysis that includes 
representatives from all four currently accepted subfamilies of Zoarcidae, Zoarchias, and Neozoarces can 
be conducted, we recommend including Neozoarcinae as a subfamily of Zoarcidae.
My analysis includes Neozoarces and Zoarchias but does not include three other genera 
frequently ascribed to Neozoarcinae, Azygopterus, Eulophias, and Leptostichaeus. Lindberg and 
Krasyukova (1989) included only Neozoarces and Zoarchias in the family Zoarcidae, but in accordance 
with Makushok (1958), they placed Azygopterus and Eulophias in separate, monotypic subfamilies within 
Stichaeidae. Kwun and Kim (2013) included Eulophias in their analyses of neozoarcids and placed it in a 
monotypic family, Eulophiidae, based on significant genetic divergence from other zoarcoids for both 
mitochondrial (10.7-12.8%) and nuclear (1.7-2.7%) markers. Additional morphological or genetic evidence 
is needed to determine the relationships of Azygopterus, Eulophias, and Leptostichaeus to other 
members of Zoarcoidei.
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MATERIAL EXAMINED
The following specimens were examined. All were alcohol-stored specimens unless indicated as 
cleared and stained (c&s) or dry skeleton (ds). Total lengths (TL) for c&s specimens are provided.
Ammodytidae. Ammodytes hexapterus: VIMS 12212,1 c&s specimen (44 mm TL).
Anarhichadidae. Anarhichas lupus: USNM 398027,1 c&s specimen (52 mm TL).
Bathymasteridae. Ronquilis jordani: VIMS 13456, 4 specimens, including 1 c&s specimen (130
mm TL).
Cottidae. Cottus caeruleomentum: VIMS 13089,12 specimens, including 1 c&s specimen (63 
mm TL).
Leptocottus omatus: VIMS 13457,1 c&s specimen (82 mm TL).
Myoxocephalus scorpius: VIMS 15224, 30 specimens, including 1 c&s specimen (78 mm TL).
Ollgocuttus maculatus: VIMS 13282, 5 specimens, including 1 c&s specimen (70 mm TL).
Cryptacanthodidae. Cryptacanthodes maculatus: MCZ 975567,1 c&s specimen (209 mm TL).
Gasterosteidae. Gasterosteus aculuatus: VIMS 17766,1 c&s specimen (71 mm TL).
Hexagrammidae. Hexagrammos decagrammus: VIMS 17669,1 c&s specimen (64 mm TL).
Ophiodon elongatus: VIMS 17802,1 c&s specimens (84 mm TL).
Moronidae. Morone saxatilis: VIMS 17658, 4 c&s specimens (42-60 mm TL).
Notothenidae. Notothenia squamifrons: VIMS 10927,17 specimens, including 2 c&s specimens 
(91-100 mm TL).
Pholidae. Apodichthys flavidus: VIMS 17762,1 c&s specimen (142 mm TL).
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Apodichthys fucorum: VIMS 07479,13 c&s specimens (58-119 mm TL).
Apodichthys sanctoaerosae: VIMS 07496,1 c&s specimen (195 mm TL).
Pholis laeta: VIMS 17690,1 c&s specimen (151 mm TL); VIMS 12116,1 c& s specimen (95 mm 
TL); VIMS 17819,1 c&s specimen (106 mm TL)..
Pholis omata: VIMS 17790,1 c&s specimen (117 mm TL).
Ptilichthyidae. Ptilichthys goodei: VIMS 12112, 3 c&s specimens (94-141 mm TL).
Scytalinidae. Scytalina cerdale: UW 19509,1 c&s specimen (110 mm TL); UW 040707, 6 
specimens, including 1 c&s specimen (90 mm TL).
Serranidae. Serranus subligarius: VIMS 4118, 9 specimens, including 1 c&s specimen (65 mm
TL).
Stichaeidae. Acantholumpenus mackayi: USNM 398015,1 specimen; UW 027412, 4 specimens, 
including 1 c&s specimen (204 mm TL).
Anisarchus medias: USNM 385512,1 specimen; UW 049740, 20 specimens, including 1 c&s 
specimen (97 mm TL).
Anoplarchus purpurescens: VIMS 17800,1 c&s specimen (95 mm TL); VIMS 17806,4 c&S 
specimens (28-57 mm TL).
Alectrias alectrolophus: UW 043761, 21 specimens, including 1 c&s specimen (138 mm TL).
Alectrias benjamini: USNM 398029, 2 specimens; USNM 398029A, 1 c&s specimen (67 mm TL).
Askoldia vanegata: UW 043540, 20 specimens, including 2 c&s specimens (55-108 mm TL).
Bryozoichthys lysimus: UW 117083,1 c&s specimen (136 mm TL).
Cebidichthys violaceus: MCZ 64791, 4 specimens; CAS 57574, 27 specimens, including 2 c&s 
specimens (60-116 mm TL).
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Chirolophis japonicus: UW 043659,4 specimens, including 1 c&s specimen (80 mm TL).
Chirolophis nugator. MCZ 61688, 2 specimens; CAS 28855, 40 specimens, including 3 c&s 
specimen (41-98 mm TL).
Dictyosoma burgeri: USMN 398024,1 specimem; USMN 398025,1 specimen; USNM 398026,1 
c&s specimen (97 mm TL).
Emogrammus hexagrammus: USNM 398017,1 specimen; USNM 398021,1 specimen; USNM 
398017A 1 c&s specimen (75 mm TL).
Esselenichthys laurae: LACM 45428-1, 5 specimens, including 1 c&s specimen (91 mm TL).
Eumesogrammus praecisus: UW 116260, 4 specimens, including 1 c&s specimen (98 mm TL).
Gymnoclinus cristatus: UW 041393, 20 specimens, including 2 c&s specimens (35-36 mm TL).
Leptoclinus maculatus: CAS 14433 11 specimens, including 1 c&s specimen (102 mm TL); UW 
049810, 6 specimens, including 1 c&s specimen (109 mm TL).
Lumpenella longirostris: USNM 398030,1 specimen; CAS 14448, 5 specimens, including 1 c&s 
specimen (181 mm TL).
Lumpenopsis pavlenkoi: HUMZ 73026, 1 specimen; HUMZ 77844,1 c&s specimen (61 mm TL).
Lumpenus sagitta: VIMS 12100,43 specimens; VIMS 17803,1 c&s specimen (146 mm TL);
VIMS 17804, 4 c&s specimens (49-53 mm TL).
Neozoarces steindachneri: HUMZ 14588, 1 specimen; HUMZ 114573, 1 c&s specimen (75 mm
TL).
Opisthocentrus ocellatus: USNM 398022, 2 specimens; USNM 398022A, 1 c&s specimen (83
mm TL).
Pholidapus dybowski: HUMZ 197197,1 specimen; HUMZ 197550,1 c&s specimen (101 mm TL).
145
Phytichthys chirus: VIMS 17763,1 c&s specimen (129 mm TL); VIMS 17683,1 c&s specimen 
(126 mm TL).
Plagiogrammus hopkinsi: SU 21199, 4 specimens, including 1 c&s (77 mm TL).
Plectobranchus evides: CAS 42573, 2 specimens, including 1 c&s specimen (81 mm TL).
Poroclinus rothrocki: CAS 15122, 6 specimens; USNM 398023,1 c&s specimen (146 mm TL).
Stichaeopsis epallax: UW 043567,18 specimens, including 1 c&s specimen (112 mm TL).
Stichaeopsis nana\ MCZ 32960, 34 specimens, including 2 c&S specimens (61-65 mm TL).
Stichaeus punctatus: UW 045971, 3 specimens, including 1 c&s specimen (103 mm TL).
Ulvaria subbifurvata: MCZ 56352,12 specimens, including 1 c&s specimen (87 mm TL).
Xiphister atropurpureus: VIMS 17684, 57 specimens; VIMS 17826,1 c&s specimen (153 mm TL); 
VIMS 17742,1 c&s specimen (143 mm TL); VIMS 17823,1 c&s specimen (80 mm TL).
Xiphister mucosus: VIMS 17693, 51 specimens; VIMS 17815,1 c&s specimen (148 mm TL); 
VIMS 17809,1 c&s specimen (108 mm TL); VIMS 17753,1 c&s specimen (134 mm TL); 1 c&s specimen 
(268 mm TL); VIMS 17817,1 c&s specimen (44.2 mm TL); VIMS 17766, 1 ds specimen (190 mm TL); 
VIMS 17699, 2 c&s specimens (99-128 mm TL).
Zoarchias venificus: HUMZ 105363,1 specimen; HUMZ 100956,1 c&s specimen (59 mm TL); 
USNM 398014,1 c&s specimen (49 mm TL).
Zaproridae. Zaprora silenus: UW 41564,1 c&s specimen (156 mm TL); UW 122464,1 c&s 
specimen (85); UW 26891,1 c&s specimen (210 mm TL).
Zoarcidae. Eucryphycus califomicus: VIMS 05806,16 c&s specimens (46-170 mm TL).
Lycenchelys paxilla: VIMS 06550, 22 c&s specimens (177-240 mm TL).
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Lycodes pacificus: VIMS 17656,1 c&s specimen (148 mm TL); VIMS 12113,1 c&s specimen 
(113 mm TL).
Lycodonus mirabilis: VIMS 06501, 6 c&s specimens (121-288 mm TL).
Zoarces americanus: VIMS 07762, 3 c&s specimens (36-38 mm TL); VIMS 6411,19 specimens, 
including 3 c&s specimens (119-144 mm TL).
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Figure 27. Representatives from each of the six subfamilies of Stichaeidae. A) Xiphisterinae, Xiphister 
mucosus (VIMS 17686; 128 mm TL) B) Stichaeinae, Emogrammus hexagrammus (USNM 398021; 86 
mm TL); C) Lumpeninae, Lumpenus sagitta (VIMS 12100; 152 mm TL); D) Opisthocentrinae, 
Opisthocentrus ocellatus (USMN 398022; 94 mm TL); E) Neozoarcinae, Zoarchias venificus (HUMZ 
105363; 65 mm TL); and F) Chirolophinae, Chirolophis japonicus (UW 043659; 106 mm TL).
Figure 28. Caudal skeleton in lateral view of A) Morone saxatilis, 42 mm TL (VIMS 17658); B) Poroclinus 
rothrocki, 146 mm TL (USNM 398023); C) Neozoarces steindachneri, 75 mm TL (HUMZ 114573); and D) 
Xiphistermucosus, 103 mm TL (VIMS 17738). Bone in white, cartilage in black, fin spines/rays in grey. 
Anterior facing left. Abbreviations: afr, anal fin rays; dfs, dorsal fin spine; ep, epural; hspu, haemal spine 
of preural centrum; hy, hypural; nspu, neural spine of preural centrum; phy, parhypural; pmr, proximal- 
middle radial; pu, preural centrum; uc, ural centrum; un, uroneural, uro, urostyle. Scale bars represent 1 
mm.
pu5
hy1-2
hy2*3
pmr pu1*uc pny*nyi
dfs
pu*
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Figure 29. Anal-fin insertion in lateral view for A) Apodichthys flavidus, 142 mm TL (VIMS 17762); B) 
Lumpenopsis pavlenkoi, 61 mm TL (HUMZ 73026); C) Phytichthys chirvs, 129 mm TL (VIMS 17763); and 
D) Stichaeopsis nana, 65 mm TL (MCZ 32960). Scale bars represent 1 mm.
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Figure 30. Caudal skeleton in lateral view for A) Alectrias benjamini, 67 mm TL (USNM 398029A); B) 
Eumesogrammus praecisus, 98 mm TL (UW 116260); and C) Lumpenopsis pavlenkoi, 61 mm TL (HUMZ 
77844. Scale bars represent 1 mm.
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Figure 31. Dorsal-fin insertion in lateral view for A) Alectrias alectrolophus, 138 mm TL (UW 043761); B) 
Pholidapus dybowski, 101 mm TL (HUMZ 197550); and C) Xiphister atropurpureus, 153 mm TL (VIMS 
17862). Abbreviations: fdp, free dorsal pterygiophore; sn, supraneural. Scale bar represents 1 mm.
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Figure 32. Pelvic fins in ventral view of A) Leptocottus omatus, 70 MM TL (VIMS 13457); B) Lumpenella 
longirostris, 181 mm TL (CAS 42573); and C) Xiphister mucosus, 128 mm TL (VIMS 17699). 
Abbreviation: pb, pelvic bone. Scale bars represent 1 mm.
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Figure 33. Ventral portion of hyoid arch and branchiostegals in lateral view in A) Pholis laeta, 151 mm TL 
(VIMS 17690); and B) Xiphister mucosus, 149 mm TL (VIMS 17815). Bone in white, cartilage in black. 
Anterior facing left. Abbreviations: br, branchiostegal; cha, anterior ceratohyal; chp, posterior ceratohyal; 
hhd, dorsal hypohyal; hhv, ventral hypohyal; ihy, interhyal. Scale bars represent 1 mm.
A
hhd
Chp;
cha
hhv
br1-5
B
hhd
chp
hhv
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Figure 34. Lateral line canals in A) Xiphister mucosus, 97 mm TL (VIMS 17788); B) Eumesogrammus 
praecisus, 98 mm TL (UW116260); and C) Stichaeopsis nana, 61 mm TL (MCZ 32960). Scale bars 
represent 10 mm.
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Figure 35. Reconstruction of most-parsimonious tree 1.
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Figure 36. Reconstruction of most-parsimonious tree 2.
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Figure 37. Reconstruction of most-parsimonious tree 3.
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Figure 38. Strict consensus of the three most parsimonious trees. The number above each of the 
identified nodes corresponds to the clades detailed in the text. Bremer support values are given under 
each node.
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APPENDIX 1
Character by taxon data matrix used in systematic analysis.
Taxa
Character 
1 2  3 9 10 11 12 13 14 15 16 17 18 19 20 21
Xiphister mucosus 0 0 0 0 0 2 1 0 0 1 1 0 0 1 1 1 0 0 0 0 0
Xiphister atropurpureus 0 0 0 0 0 2 1 0 0 1 1 0 0 1 1 1 0 0 0 0 0
Pholidapus dybowski 0 0 1 0 0 2 1 0 0 1 0 0 1 1 0 2 1 1 0 0 1
Neozoarces steindachneri 1 0 1 0 0 7 7 7 2 0 0 1 0 2 0 0 0 0 0
Esselenichthys laurae 0 0 0 0 0 2 1 0 0 1 1 0 0 1 0 1 1 0 0 0 0
Lumpenopsis pavlenkoi 0 0 0 0 1 2 1 1 0 1 1 0 1 1 1 0 7 0 0 0 1
Zoarchias venificus 1 0 1 0 0 7 7 7 2 0 0 1 0 2 0 0 0 0 0
Lumpeneila longirostris 1 0 1 0 0 ? 1 1 0 1 1 0 0 1 1 0 7 0 0 0 1
Stichaeus punctatus 0 0 1 0 0 2 1 1 0 1 1 0 0 1 1 0 7 0 0 0 1
Opisthocentrus ocellatus 0 0 0 0 1 1 0 0 1 0 0 0 1 0 0 7 1 0 0 1
Chirolophis nugator 0 0 1 0 0 2 1 0 0 1 1 0 0 1 1 2 0 0 0 0 0
Plagiogrammus hopkinsi 0 0 1 0 1 1 1 0 0 1 1 0 0 1 1 0 7 0 0 0 0
Leptoclinus maculatus 1 0 1 0 1 0 1 1 0 1 1 0 0 1 0 1 1 0 0 0 0
Pholis ornata 0 0 1 0 0 1 1 0 1 1 0 0 1 1 0 0 7 1 0 0 0
Anisarchus medias 1 0 1 0 0 2 1 0 0 1 2 0 1 1 0 0 7 0 0 0 0
Bryozoichthys lysimus 0 0 1 0 0 2 1 1 0 1 1 0 1 1 0 2 1 0 0 0 1
Poroclinus rothrocki 1 0 1 0 1 1 1 0 0 1 1 0 1 1 1 0 7 0 0 0 1
Lumpenus sagitta 0 0 1 0 0 1 1 0 1 1 1 0 1 1 1 1 1 0 0 0 0
Dictyosoma burgeri 0 0 0 0 0 1 0 0 1 1 0 0 1 0 2 0 0 0 0 0
Chirolophis japonicus 0 0 1 0 7 1 1 0 0 1 1 1 0 1 0 2 0 0 0 0 1
Lycodes pacificus 1 0 1 0 0 ? 0 7 7 0 1 0 1 1 0 2 0 0 0 0 1
Ernogrammus hexagrammus 0 0 1 0 1 1 1 0 0 1 1 0 1 1 1 0 7 0 0 0 1
Taxa
Character 
1 2  3 9 10 11 12 13 14 15 16 1
Aiectrias benjamini 0 0 1 0 0 1 1 0 0 1 0 0 0 1 0 2 1 1 0 0 0
Stichaeopsis epallax 0 0 0 1 1 0 1 0 0 1 1 0 0 1 1 1 1 0 0 0 1
Eumesogrammus praecisus 0 0 0 0 1 2 1 0 1 1 0 0 1 1 0 ? 0 0 0 1
Phytichthys chirus 0 0 0 0 0 ? 1 0 0 1 1 0 0 1 0 2 0 0 0 1
Anoplarchus purpurescens 1 0 1 0 0 2 1 0 0 1 0 0 0 1 0 0 ? 0 0 0 0
Cebidichthys violaceus 0 0 0 0 0 1 1 0 0 1 1 0 0 1 1 2 1 0 0 0 1
Plectobranchus evides 0 0 0 0 1 1 1 0 0 1 0 0 0 1 0 0 ? 0 0 0 0
Askoldia variegata 1 0 1 0 0 1 1 0 0 1 0 0 1 1 0 2 1 1 0 0 1
Ronquilis jordani 0 0 1 0 0 2 1 0 0 1 1 0 0 1 0 1 1 0 0 0 1
Anarhichas lupus 0 0 0 0 0 ? 1 0 0 1 2 0 1 1 0 1 0 0 0 0
Cryptocanthodes maculatus 0 0 1 1 0 2 1 0 1 1 0 1 0 0 ? ? 0 0 0 1
Ulvaria subbifurcata 0 0 0 0 1 ? 1 0 0 1 1 0 0 1 0 1 1 0 0 0 0
Gymnoclinus cristatus 0 0 0 0 0 0 1 0 0 1 2 0 0 1 1 0 ? 0 0 0 0
Photis laeta 0 0 0 0 1 ? 1 0 0 1 0 0 1 1 0 2 1 0 0 0
Apodichthys flavidus 0 0 0 0 1 ? 1 0 0 1 1 0 1 1 0 2 1 1 0 0 0
Apodichthys fucorum 0 0 0 0 0 0 1 0 0 1 0 0 1 1 0 2 1 1 0 0 0
Apodichthys sanctoaerosae 0 0 0 0 0 1 1 0 ? 1 0 0 1 1 0 ? ? 1 0 0 0
Zoarces americanus 0 0 0 0 0 ? 0 ? ? 0 1 0 1 1 0 2 0 0 0 1
Lycodonus mirabilis 0 0 0 0 0 ? 0 ? ? 0 0 0 1 1 0 2 0 0 0 1
Eucryphycus californicus 1 0 0 0 0 ? 0 ? ? 0 1 0 1 0 ? ? 0 0 0 1
Zaprora silenus 0 0 0 0 1 ? 1 0 0 1 1 0 1 1 0 2 1 0 0 0
Lycenchelys paxilla 0 0 0 0 0 ? 0 ? ? 0 ? ? 1 1 0 2 0 0 0 1
Aiectrias alectrobphus 0 0 0 0 0 2 1 1 0 1 0 0 0 1 0 1 1 0 0 0 1
Stichaeopsis nana 0 0 0 0 1 ? 1 0 ? 1 1 0 0 1 1 1 1 0 0 0 1
Acantholumpenus mackayi 1 0 1 0 0 ? 1 0 0 1 1 0 0 1 0 1 1 0 0 0 1
Ptilichthys goodei ? 0 ? ? ? ? ? ? ? 0 2 0 0 1 0 0 ? 0 0 0
Leptocottus ornatus 0 0 1 0 0 ? 1 0 0 1 1 0 0 1 0 1 1 0 0 0 1
Scytalina cerdale 0 0 0 0 0 2 1 1 0 1 1 0 0 1 0 ? ? 0 0 0 ?
18 19 20 21
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Taxa
Character
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Ophiodon elongatus 0 0 1 0 0 0 1 0 0 1 1 0 0 1 0 0 ? 1 0 0 0
Oligocottus maculatus 0 0 1 0 0 ? 1 0 ? 1 1 0 0 1 0 2 0 0 1 0 1
Myoxocephalus scorpius 0 0 1 0 0 ? 1 0 ? 1 1 0 0 1 0 2 0 0 1 0 1
Gasterosteus aculuatus 0 0 1 0 0 ? 1 0 ? 1 0 0 0 1 0 0 ? 0 0 1 0
Morone saxatilis 0 1 0 0 1 ? 1 0 0 1 2 0 0 1 0 0 ? 0 0 1 0
Ammodytes hexapterus 0 0 0 0 1 ? 1 0 ? 1 2 0 0 1 0 0 ? 0 0 1 0
Cottus caeruleomentum 0 0 1 0 0 ? 1 0 0 1 1 0 0 1 0 2 1 0 1 0 0
Serranus subligarius 0 1 0 0 1 2 1 0 1 1 2 0 1 1 0 0 ? 1 0 1 1
Hexagrammos decagrammos 0 0 0 0 0 ? 1 0 0 1 1 0 0 1 1 0 ? 0 0 1 0
Notothenia squamifrons 0 0 0 0 1 2 1 0 0 1 1 0 0 1 0 0 ? 0 0 0 0
Taxa
Character
22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42
Xiphister mucosus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 1
Xiphister atropurpureus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 1
Pholidapus dybowski 0 0 0 0 1 0 0 0 0 0 1 1 1 1 1 0 0 1 1 1 0
Neozoarces steindachneri 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 1 ? ? ?
Esselenichthys laurae 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 1 1 1 0
Lumpenopsis pavlenkoi 0 1 0 0 1 0 0 0 0 0 1 1 1 1 1 0 1 1 1 0
Zoarchias venificus 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 0 1 1 ? ?
Lumpeneila longirostris 0 1 0 0 1 0 0 0 0 0 1 1 1 1 1 0 1 0 1 1 0
Stichaeus punctatus 0 0 0 0 1 0 0 0 0 0 1 1 1 1 1 0 0 2 1 1 0
Opisthocentrus ocellatus 0 0 0 0 1 0 0 0 0 0 1 1 1 1 0 0 1 1 1 0
Chirolophis nugator 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 0 2 1 1 0
Plagiogrammus hopkinsi 0 0 0 0 1 0 0 0 0 0 1 1 1 1 1 0 1 1 ? 1 0
Leptoclinus maculatus 0 0 0 0 1 0 0 0 0 0 1 1 1 1 1 0 1 0 1 0 0
Pholis ornata 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 ? ?
Anisarchus medias 0 0 0 0 1 0 0 0 0 0 1 1 1 1 1 0 1 0 1 0 0
Bryozoichthys lysimus 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 1 2 1 0 1
Poroclinus rothrocki 0 0 0 0 1 0 0 0 0 0 1 1 1 1 1 0 1 0 1 0 0
Lumpenus sagitta 0 0 0 0 1 0 0 0 0 0 1 1 1 1 1 0 1 0 1 1 0
Dictyosoma burgeri 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 1 1 1 0 0
Chirolophis japonicus 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 0 2 1 0 0
Lycodes pacificus 0 1 0 0 0 0 0 0 0 0 1 1 1 1 1 0 0 1 1 0 1
Ernogrammus hexagrammus 0 0 0 0 1 0 0 0 0 0 1 1 1 1 1 0 1 2 1 1 0
Aiectrias benjamini 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 1 1 0 1
Stichaeopsis epallax 0 0 0 0 1 0 0 0 0 0 1 1 1 0 1 0 1 2 1 1 0
Eumesogrammus praecisus 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 0 1 2 1 1 0
Phytichthys chirus 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 1 0
Anoplarchus purpurescens 0 0 0 0 0 0 0 0 0 0 1 1 1 0 1 0 0 2 1 0 1
Character
Taxa 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42
Cebidichthys violaceus 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 2 1 0 0
Plectobranchus evides 0 0 0 0 1 0 0 0 0 0 1 1 1 1 0 0 1 0 1 1 0
Askoldia variegata 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 0 1 1 1 0
Ronquilis jordani 0 0 0 1 1 0 0 0 0 0 1 1 1 1 1 0 0 2 1 1 0
Anarhichas lupus 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0
Cryptocanthodes maculatus 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 0 0 1 1 0
Ulvaria subbifurcata 0 0 0 0 1 0 0 0 0 0 1 1 1 1 1 0 1 2 1 1 0
Gymnoclinus cristatus 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 1 0 1
Pholis laeta 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 0 0 0 ? ?
Apodichthys flavidus 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 0 0 ? ?
Apodichthys fucorum 0 0 0 0 ? 0 0 0 0 0 0 0 0 1 0 0 0 0 ? ?
Apodichthys sanctoaerosae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? ?
Zoarces americanus 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 0 1 1 0 0
Lycodonus mirabilis 0 0 0 0 0 0 0 0 1 1 0 1 1 1 1 0 0 1 1 1 0
Eucryphycus californicus 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 1 1 1 0 0
Zaprora silenus 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 1 1 1 0
Lycenchelys paxilla 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 1 1 0 0
Aiectrias alectrobphus 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 1 0 1
Stichaeopsis nana 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1 1 1 1 0
Acantholumpenus mackayi 0 1 0 0 1 0 0 0 0 0 1 1 1 1 1 0 1 0 1 1 0
Ptilichthys goodei 1 0 0 1 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0
Leptocottus ornatus 0 0 1 1 0 1 0 0 1 1 1 1 1 1 1 1 1 2 1 1 0
Scytalina cerdale 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Ophiodon elongatus 0 1 0 1 0 1 0 0 0 0 1 1 1 1 1 1 1 2 1 1 0
Oligocottus maculatus 0 0 1 0 0 1 0 0 1 0 1 1 1 1 1 1 0 2 1 1 0
Myoxocephalus scorpius 0 0 1 1 0 1 0 0 1 0 1 1 1 1 1 0 0 2 1 1 0
Gasterosteus aculuatus 0 0 0 1 0 0 0 0 1 1 1 1 1 0 1 0 0 0 1 1 0
Morone saxatilis 0 0 0 0 1 0 0 0 1 1 1 1 1 1 1 0 1 2 1 1 0
Taxa
Character
22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42
Ammodytes hexapterus 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1 2 1 1 0
Cottus caeruleomentum 0 0 1 0 0 1 0 0 1 1 0 1 1 1 1 0 0 2 1 1 0
Serranus subligarius 0 0 0 1 0 1 1 1 0 1 1 1 1 1 1 0 1 2 1 1 0
Hexagrammos decagrammos 0 0 0 0 1 1 0 1 0 0 1 1 1 0 1 0 1 2 1 1 0
Notothenia squamifrons 0 0 0 0 0 1 0 0 0 1 1 1 1 1 1 0 1 0 1 1 0
Character
Taxa 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63
Xiphister mucosus 1 0 1 0 1 0 1 0 0 0 1 0 1 1 0 1 1 1 0 1 0
Xiphister atropurpureus 1 0 1 0 1 0 1 0 0 0 1 0 1 1 0 1 1 1 0 1 0
Pholidapus dybowski 0 0 1 0 1 0 1 0 0 0 0 0 0 1 0 1 1 2 1 1 0
Neozoarces steindachneri ? 1 1 0 1 0 0 1 0 0 0 0 0 0 0 1 1 1 1 0
Esselenichthys laurae 1 1 1 0 1 0 0 1 0 0 0 0 0 0 0 1 1 2 1 1 0
Lumpenopsis pavlenkoi 1 0 1 1 0 1 0 0 0 0 0 0 0 1 0 0 1 2 0 1 0
Zoarchias venificus ? 1 1 0 1 0 0 ? 0 0 0 0 0 1 0 1 1 1 1 0
Lumpeneila longirostris 1 0 1 1 1 1 1 0 0 0 1 0 0 0 0 0 1 2 1 1 0
Stichaeus punctatus 0 0 1 1 0 1 0 0 0 0 0 0 0 1 0 0 1 2 0 1 0
Opisthocentrus ocellatus 1 0 1 1 1 1 0 0 0 0 0 0 1 0 0 1 2 0 1 0
Chirolophis nugator 1 0 1 1 0 1 0 0 0 0 0 0 1 0 1 1 1 0 1 0
Plagiogrammus hopkinsi 0 0 1 1 0 1 0 0 0 0 0 0 0 1 0 0 1 2 1 1 0
Leptoclinus maculatus 1 0 1 1 0 1 1 0 0 0 0 0 0 0 0 0 1 1 0 1 0
Pholis ornata ? 0 1 1 1 1 0 0 0 0 0 0 0 0 1 1 2 1 1 0
Anisarchus medias 0 0 1 1 0 1 1 0 0 0 1 0 0 0 0 0 1 1 1 1 0
Bryozoichthys lysimus 0 0 1 1 0 1 0 0 0 0 0 0 1 0 0 1 1 1 1 0
Poroclinus rothrocki 1 0 1 1 0 1 1 0 0 0 1 0 0 0 0 0 1 2 1 1 0
Lumpenus sagitta 1 0 1 1 0 1 1 0 0 0 1 0 0 0 0 0 1 1 0 1 0
Dictyosoma burgeri 1 1 1 1 1 1 1 0 0 0 0 0 0 0 1 1 2 1 1 0
Chirolophis japonicus 0 0 1 1 0 1 0 0 0 0 0 0 1 0 1 1 1 0 1 0
Lycodes pacificus 1 1 1 0 1 0 1 0 0 1 0 0 0 0 1 0 ? ? ?
Ernogrammus hexagrammus 0 0 1 1 0 1 0 0 0 0 0 0 0 1 0 1 2 0 1 0
Aiectrias benjamini 1 0 1 1 1 1 0 0 0 0 0 0 1 0 1 1 1 0 1 0
Stichaeopsis epallax 0 0 1 1 0 1 0 0 0 0 0 0 0 1 0 1 1 2 0 1 0
Eumesogrammus praecisus 0 0 1 1 0 0 0 0 0 0 0 0 0 1 0 1 1 2 0 ? ?
Phytichthys chirus 1 0 1 0 1 0 1 0 0 0 0 0 0 1 0 1 1 2 1 1 0
Anoplarchus purpurescens 1 0 1 1 0 1 1 0 0 0 0 0 0 1 0 1 1 1 0 1 0
Character
Taxa 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63
Cebidichthys violaceus 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0 1 1 1 1 1 0
Plectobranchus evides 0 0 1 1 0 1 1 0 0 0 0 0 0 1 0 0 1 2 1 1 0
Askoldia variegata 1 0 1 1 0 0 1 0 0 0 0 0 0 1 0 1 1 2 1 1 0
Ronquilis jordani 0 1 1 1 0 1 1 0 0 0 0 0 1 0 1 1 1 0 1 0
Anarhichas lupus 1 0 1 1 0 1 1 1 0 0 0 0 0 1 0 1 1 1 1 1 0
Cryptocanthodes maculatus 0 0 1 1 0 0 1 0 0 0 1 1 0 0 0 1 1 2 0 1 0
Ulvaria subbifurcata 0 0 1 1 0 0 ? 0 0 0 0 0 0 1 0 1 1 2 1 1 0
Gymnoclinus crista tus 1 0 1 1 0 0 1 0 0 0 0 0 0 1 0 1 1 1 0 1 0
Pholis laeta ? 0 1 0 1 1 1 0 0 0 0 0 0 0 0 1 1 2 1 0 0
Apodichthys flavidus ? 0 1 0 1 1 1 0 0 0 0 0 0 0 0 1 1 2 1 0 1
Apodich thys fucorum ? 0 1 0 1 1 1 0 0 0 0 0 0 0 0 1 1 2 1 0 1
Apodichthys sanctoaerosae ? 0 1 0 1 1 1 0 0 0 0 0 0 0 0 1 1 2 1 0 1
Zoarces americanus 1 1 1 0 1 0 1 1 0 0 0 0 0 1 1 0 0 ? ? ?
Lycodonus mirabilis 0 1 0 1 0 1 0 0 0 0 1 0 1 0 0 1 0 0 ? ? ?
Eucryphycus californicus 0 1 0 1 0 1 0 1 0 0 1 0 0 0 0 1 0 0 ? ? ?
Zaprora silenus 0 0 1 1 0 1 1 1 0 0 0 0 0 1 0 1 0 2 1 1 0
Lycenchelys paxilla 0 0 1 1 1 1 1 0 0 1 0 0 0 0 1 1 2 0 1 0
Aiectrias alectrolophus 1 0 1 1 0 1 1 0 0 0 0 0 0 1 0 1 1 1 0 1 0
Stichaeopsis nana 0 0 1 1 0 0 0 0 0 0 0 0 1 0 1 1 2 0 1 0
Acantholumpenus mackayi 0 0 1 1 0 1 1 0 0 0 0 0 0 0 0 1 2 1 1 0
Ptilichthys goodei 1 1 1 1 1 1 1 0 0 0 0 0 0 0 1 0 0 ? 1 ?
Leptocottus omatus 0 1 1 1 0 0 1 0 1 1 0 0 0 1 0 0 ? 1 ?
Scytalina cerdale 1 0 1 1 1 0 0 0 0 1 0 1 0 0 1 1 2 0 1 0
Ophiodon elongatus 0 1 1 1 0 1 0 1 0 1 0 0 0 1 0 0 1 2 0 1 0
Oligocottus maculatus 0 1 1 1 0 0 1 0 1 0 0 1 0 1 0 0 0 ? 1 ?
Myoxocephalus scorpius 0 1 1 1 0 1 0 1 0 1 0 0 0 0 1 0 0 0 ? 1 ?
Gasterosteus aculuatus 1 1 1 1 0 0 1 0 1 1 0 1 0 1 0 1 1 0 1 0
Morone saxatilis 0 1 1 1 0 1 0 1 0 1 1 0 1 1 1 0 1 2 1 1 0
Taxa
Character
43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63
Ammodytes hexapterus 1 1 0 1 0 0 0 1 0 0 1 0 0 1 0 0 1 1 0 1 0
Cottus caeruleomentum 0 1 1 1 0 0 0 1 0 1 0 0 0 1 1 0 0 0 ? 1 ?
Serranus subligarius 0 1 1 1 0 0 0 1 0 1 0 0 1 1 0 0 1 2 1 1 0
Hexagrammos decagrammos 0 1 1 1 0 0 0 1 0 1 0 0 0 1 0 0 1 2 0 1 0
Notothenia squamifrons 0 1 1 1 0 0 0 1 0 1 1 0 0 0 0 0 1 1 0 1 0
Character
Taxa 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84
Xiphister mucosus 0 0 0 0 1 1 0 0 0 0 1 0 0 0 0 1 0 0 1 1 1
Xiphister atropurpureus 0 0 0 0 1 1 0 0 0 0 1 0 0 0 0 1 0 0 1 1 1
Pholidapus dybowski 0 0 0 0 1 1 0 1 1 1 1 0 0 0 0 1 0 0 0 1 0
Neozoarces steindachneri 1 1 0 0 1 1 0 0 0 0 1 1 0 0 0 1 0 0 0 0
Esselenichthys laurae 0 0 0 0 1 1 0 0 0 0 1 0 0 0 1 1 1 0 0 1 1
Lumpenopsis pavlenkoi 1 0 0 0 1 1 0 0 0 1 1 0 0 0 1 1 1 0 0 1 0
Zoarchias venificus 1 1 0 0 1 ? 0 0 0 0 1 0 0 ? 0 0 0 0
Lumpeneila longirostris 1 0 0 0 0 1 0 2 0 0 1 0 0 1 1 1 0 0 1 0
Stichaeus punctatus 1 0 0 0 0 1 0 0 1 1 1 1 0 ? 1 1 0 0 0 1 0
Opisthocentrus ocellatus 0 0 0 0 0 1 0 0 1 0 1 0 0 1 0 0 0 1 0
Chirolophis nugator 0 0 0 0 1 1 0 2 0 2 1 1 0 1 1 1 1 0 0 1 0
Plagiogrammus hopkinsi 0 0 0 0 0 1 1 0 0 0 1 0 0 1 1 1 1 0 1 1 0
Leptoclinus maculatus 0 0 0 0 0 1 0 1 1 1 1 0 1 1 1 1 1 0 0 1 0
Pholis omata 1 0 0 0 1 1 0 1 0 0 1 0 0 1 1 1 1 0 0 1 1
Anisarchus medias 1 0 0 0 0 1 0 1 0 1 1 0 0 1 1 1 0 0 1 0
Bryozoichthys lysimus 0 0 0 0 0 1 0 1 0 0 1 1 0 1 1 1 1 0 0 1 0
Poroclinus rothrocki 1 0 0 0 0 1 0 0 0 1 1 0 0 1 1 1 1 0 0 1 0
Lumpenus sagitta 0 0 0 0 1 1 0 2 0 0 1 0 0 1 1 1 1 0 0 1 0
Dictyosoma burgeri 1 0 0 0 1 1 0 0 0 0 1 1 0 ? 1 1 1 0 0 1 0
Chirolophis japonicus 0 0 0 0 1 1 0 0 0 1 1 0 0 1 1 1 0 0 1 0
Lycodes pacificus 0 1 0 0 1 1 0 0 1 0 1 0 0 1 1 1 0 0 0 0
Ernogrammus hexagrammus 0 0 0 0 1 0 2 0 0 1 1 0 1 1 1 1 0 1 1 0
Aiectrias benjamini 0 0 0 0 1 1 1 0 0 1 1 0 0 1 0 0 1 1 1
Stichaeopsis epallax 0 0 0 0 1 1 0 2 1 0 1 1 0 0 1 1 1 0 0 1 0
Eumesogrammus praecisus 0 0 0 1 1 1 1 2 1 1 1 1 0 1 1 1 1 0 0 1 0
Phytichthys chirus 0 0 0 0 1 1 0 1 0 0 1 0 0 0 0 1 0 0 0 1 0
Anoplarchus purpurescens 0 0 0 0 1 1 0 1 0 0 1 1 0 0 0 1 0 0 1 1 0
Taxa
Character
64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84
Cebidkhthys violaceus 0 0 0 0 1 1 0 0 0 0 1 0 0 1 0 1 0 0 0 1 1
Plectobranchus evides 1 0 0 0 0 1 0 0 0 1 1 1 1 1 1 1 1 0 1 1 0
Askoldia variegata 0 0 0 0 0 1 0 1 1 2 1 0 0 1 1 1 0 0 0 1 0
Ronquilis jordani 0 0 0 0 1 1 0 1 1 1 1 1 0 1 1 1 1 0 0 1 0
Anarhichas lupus 0 0 0 0 1 0 1 0 1 0 0 0 1 0 0 0 1 0
Cryptocanthodes maculatus 0 0 0 0 1 1 0 2 0 0 1 0 0 1 0 1 0 0 0 1 0
Ulvaria subbifurcata 0 ? 0 0 1 1 ? ? ? 1 1 0 0 p 1 1 1 0 0 1 0
Gymnoclinus crista tus 0 0 0 0 1 1 0 1 0 0 1 0 0 1 1 1 1 0 0 1 0
Pholis laeta 1 0 0 0 1 1 0 1 0 0 1 0 0 1 1 1 1 0 0 1 1
Apodichthys flavidus 1 0 0 0 1 1 0 1 0 0 1 0 0 1 0 0 0 p 0 1 1
Apodich thys fucorum 1 0 0 0 1 1 0 0 0 0 1 0 ? 0 0 0 0 0 0 1 1
Apodichthys sanctooerosoe 1 0 0 0 1 1 0 1 0 3 ? ? 0 0 0 0 0 0 0 1 1
Zoarces americanus 0 1 0 0 1 1 0 0 1 1 1 0 0 0 1 1 1 0 0 0 1
Lycodonus mirabilis 0 1 0 0 1 0 0 1 0 1 0 0 0 1 1 1 0 0 0 1
Eucryphycus californicus 0 1 0 0 1 1 0 2 0 0 1 1 0 0 0 1 0 0 0 0 1
Zaprora silenus 0 0 0 0 1 1 0 2 1 2 1 0 0 1 0 1 0 0 0 1 0
Lycenchelys paxilla 0 1 0 0 1 1 0 2 0 1 1 1 0 0 1 1 1 0 0 0 1
Aiectrias alectrobphus 0 0 0 0 1 1 0 0 0 1 0 0 1 0 1 0 0 1 1 0
Stichaeopsis nana 0 0 0 0 1 1 0 0 0 1 1 0 0 0 1 1 1 0 0 1 1
Acantholumpenus mackayi 1 0 0 0 1 1 0 2 0 1 1 1 0 0 1 1 1 0 0 1 0
Ptilichthys goodei 0 1 0 0 1 1 0 2 0 0 1 0 0 1 0 0 0 0 p 1
Leptocottus ornatus 1 0 0 0 0 1 0 0 1 1 ? 0 1 1 1 1 1 0 1 0
Scytalina cerdale 1 0 0 1 1 1 1 0 0 0 ? 0 0 0 1 0 0 0 1 1
Ophiodon elongatus 1 0 0 0 0 1 1 2 1 1 1 0 0 0 1 1 1 1 0 1 0
Oligocottus maculatus 1 0 0 0 0 1 0 2 0 2 ? 0 1 1 1 0 1 0 1 0
Myoxocephalus scorpius 1 0 0 0 0 1 0 2 1 2 1 0 0 1 1 1 0 1 0 1 0
Gasterosteus aculuatus 1 0 0 0 0 1 0 0 0 1 ? 0 1 1 1 1 1 0 1 0
Morone saxatilis 1 0 1 0 0 1 1 0 1 1 1 0 0 1 1 1 1 1 1 1 0
18
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Character
Taxa 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84
Ammodytes hexapterus 0 0 0 1 0 1 1 0 0 1 1 0 0 1 0 0 0 0 0 1 0
Cottus coeruleomentum 1 0 0 0 0 1 0 2 0 2 0 7 0 1 1 1 0 1 0 1 0
Serranus subligarius 1 0 1 0 0 1 1 2 1 1 1 0 0 1 1 1 1 0 0 1 0
Hexagrammos decagrammos 0 0 0 0 0 1 1 0 1 1 1 0 0 1 1 1 1 0 0 1 0
Notothenia squamifrons 0 0 0 0 0 1 0 2 1 2 1 0 0 0 1 1 1 0 0 1 0
Chara ter
Taxa 85 86 8 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104 105 106
Xiphister mucosus 2 1 1 1 0 1 1 2 0 0 0 0 0 0 1 1 0 0 1 1 1 0
Xiphister atropurpureus 2 1 1 1 0 1 1 2 0 0 0 0 0 0 1 1 0 0 1 1 1 0
Pholidapus dybowski 0 7 ? 0 0 0 1 2 0 0 0 0 1 1 0 1 0 0 0 0 1 0
Neozoarces steindachneri 0 ? ? 0 0 1 1 2 0 0 0 0 1 1 0 1 1 0 1 0 1 0
Esselenichthys laurae 2 1 1 0 1 1 2 0 0 0 1 1 1 1 1 0 0 0 1 0
Lumpenopsis pavlenkoi 0 ? ? 0 0 0 0 2 1 0 0 0 1 1 0 1 0 0 0 1 1 0
Zoarchias venificus 0 ? 7 0 0 ? 7 2 0 0 0 0 1 1 0 1 1 0 1 1 1 0
Lumpeneila longirostris 0 ? 7 0 0 0 0 2 1 0 0 0 0 0 0 1 0 0 0 1 1 1
Stichaeus punctatus 1 ? 1 0 1 1 2 0 0 0 0 1 1 0 1 0 0 0 0 1 0
Opisthocentrus ocellatus 0 ? ? 0 0 0 1 2 1 0 0 0 0 0 0 0 0 0 0 1 0
Chirolophis nugator 1 ? 0 0 1 1 2 0 0 1 0 0 0 0 0 0 0 0 1 0
Plagiogrammus hopkinsi 2 1 1 1 0 1 1 2 0 0 0 0 1 1 0 1 0 0 0 0 1 0
Leptoclinus maculatus 0 ? ? 0 0 0 0 2 1 0 0 0 1 1 0 1 0 0 0 1 1 0
Pholis ornata 0 ? ? 0 0 1 1 2 0 0 0 0 0 0 0 1 1 1 1 1 1 0
Anisarchus medias 0 ? ? 0 0 0 0 2 1 0 0 0 1 1 0 1 0 0 0 1 1 0
Bryozoichthys lysimus 1 ? 1 0 1 1 2 0 0 1 0 1 1 0 1 0 0 1 0 1 0
Poroclinus rothrocki 0 ? ? 0 0 0 0 2 1 0 0 0 1 1 0 1 0 0 0 1 0
Lumpenus sagitta 0 ? ? 0 0 0 0 2 1 0 0 0 0 1 0 1 0 0 0 1 1 1
Dictyosoma burgeri 2 1 1 1 0 1 1 2 0 0 0 0 0 0 0 1 0 0 0 0 1 0
Chirolophis japonicus 1 ? 1 0 1 1 2 0 0 1 0 0 0 0 0 0 0 0 1 0
Lycodes pacificus 0 ? 7 0 0 1 1 2 0 0 0 0 0 0 0 1 0 0 0 1 0
Ernogrammus hexagrammus 2 1 1 1 0 1 1 2 0 0 0 0 1 1 0 1 0 0 0 0 1 0
Aiectrias benjamini 0 ? ? 1 0 1 1 1 0 0 0 1 1 1 0 1 0 0 0 0 1 0
Stichaeopsis epallax 2 1 1 1 0 1 1 2 0 0 0 0 1 1 0 1 0 0 0 1 0
Eumesogrammus praecisus 2 1 0 0 1 1 2 0 0 0 0 1 1 0 1 0 0 0 0 1 0
Phytichthys chirus 2 1 1 1 0 1 1 1 0 0 0 0 0 0 1 0 0 0 1 0 1 0
Anoplarchus purpurescens 0 ? ? 1 0 1 1 2 0 0 0 1 1 1 0 1 0 0 1 0 1 1
Taxa
Character 
85 86 87 88 89 90 9 92 93 94 95 96 9 98 99 100 101 102 103 104 105 106
Cebidkhthys violaceus 1 7 0 0 0 1 1 2 0 0 0 1 1 1 1 1 0 0 0 0 1 0
Plectobranchus evides 0 ? ? 0 0 0 2 1 0 0 0 1 1 0 1 0 0 0 1 1 0
Askoldia variegata 0 ? ? 0 0 0 1 2 0 0 0 0 0 0 1 0 0 0 1 1 0
Ronquilis jordani 1 ? 1 0 1 1 2 1 0 0 0 1 1 0 1 0 0 0 1 1 0
Anarhichas lupus 0 ? ? 0 0 1 1 2 0 0 0 0 1 1 1 0 0 0 0 0 1 0
Cryptocanthodes maculatus 0 ? 7 0 1 1 1 2 0 0 0 0 1 1 0 1 1 0 0 0 1 0
Ulvaria subbifurcata 1 ? 0 0 1 1 0 0 0 0 0 1 1 0 1 0 0 0 1 1 1
Gymnoclinus cristatus 0 7 7 0 0 1 1 2 0 0 1 0 1 1 0 0 0 0 0 1 1 1
Pholis laeta 0 ? ? 0 0 1 1 2 0 0 0 0 0 0 0 1 1 0 1 1 1 0
Apodichthys flavidus 0 ? ? 0 0 1 1 2 0 0 0 0 0 0 0 0 1 1 1 1 1 0
Apodichthys fucorum 0 7 ? 0 0 1 1 2 0 0 0 0 0 0 0 0 1 1 1 1 1 0
Apodichthys sanctoaerosae 0 ? ? 0 0 1 1 2 0 0 0 0 0 0 0 1 1 1 1 1 1 0
Zoarces americanus 0 ? ? 0 0 1 1 2 0 0 0 0 0 0 0 0 1 0 0 0 1 0
Lycodonus mirabilis 0 7 0 1 1 1 2 0 0 0 0 1 1 0 1 1 0 0 1 1 0
Eucryphycus californicus 0 ? ? 0 0 1 1 2 0 0 0 0 1 0 0 1 1 0 0 1 1 0
Zaprora silenus 0 ? ? 0 0 1 1 2 1 0 0 0 0 0 0 1 0 0 0 0 1 0
Lycenchelys paxilla 0 ? ? 0 0 1 1 2 0 0 0 0 1 0 0 1 1 0 0 0 1 0
Aiectrias alectrolophus 0 7 ? 1 0 1 1 1 0 0 0 1 1 1 0 1 0 0 1 1 1 0
Stichaeopsis nana 2 1 1 1 0 1 1 2 0 0 0 0 1 1 0 1 0 0 0 1 1 0
Acantholumpenus mackayi 0 ? 7 0 0 2 1 0 0 0 0 0 0 1 0 0 0 0 1 0
Ptilichthys goodei 0 7 7 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 1 0
Leptocottus ornatus 1 ? ? 0 0 1 1 2 0 0 0 0 1 1 1 1 0 0 0 1 1 2
Scytalina cerdale 0 ? ? 0 0 0 0 0 0 0 1 1 0 1 0 0 1 1 1 0
Ophiodon elongatus 1 ? ? 0 0 1 1 0 0 0 0 0 1 1 1 1 0 0 0 0 1 2
Oligocottus maculatus 1 ? ? 0 0 1 1 2 0 0 0 0 1 1 1 1 0 0 0 0 1 2
Myoxocephalus scorpius 1 ? ? 0 0 1 1 2 0 0 0 0 1 1 0 1 0 0 0 0 1 2
Gasterosteus aculuatus 0 ? ? 0 2 0 1 2 1 0 0 0 0 0 0 1 0 0 0 1 1 0
Morone saxatilis 1 ? ? 0 0 1 1 2 1 0 0 0 1 1 0 1 0 0 0 1 1 0
18
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Character
Taxa 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104 105 106
Ammodytes hexapterus 0 ? ? 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0
Cottus caeruleomentum 1 ? ? 0 0 1 1 2 0 0 0 0 1 1 0 1 0 0 0 1 1 2
Serranus subligarius 1 ? ? 0 0 1 1 2 1 1 0 0 1 1 0 1 0 0 0 1 1 0
Hexagrammos decagrammos 2 1 0 0 0 1 1 2 0 1 0 0 1 0 0 1 0 0 0 0 1 2
Notothenia squamifrons 1 ? ? 0 0 1 1 2 1 0 0 0 0 0 0 1 0 0 0 1 1 0
APPENDIX 2
Character transformations and synapomorphies for clades and all taxa in the strict consensus tree (Fig. 
38).
X. mucosus Char. 21: 1 -> 0 C. iaDonicus
no autapomorphies Char. 43: 0 -> 1 Char. 6: 2 -> 1
X. atroomureus Char. 73: 1 -> 2 Char. 13:0 -> 1
no autapomorphies Char. 88: 1 -> 0 Char. 75:1 -> 0
P. dvbowski P. hoDkinsi Char. 77: 1 -> 0
Char. 26: 0 -> 1 Char. 21:1 -> 0 L. Dacificus
Char. 46:1 -> 0 Char. 39: 2 -> 1 Char. 3: 0 -> 1
Char. 47: 0 -> 1 Char. 61: 0 -> 1 Char. 23: 0 -> 1
Char. 77:1 -> 0 Char. 70: 0 -> 1 Char. 42: 0 -> 1
N. steindachneri Char. 75: 1 -> 0 Char. 77: 0 -> 1
Char. 33: 1 -> 0 L. maculatus Char. 84. 1 -> 0
Char. 34: 1 -> 0 Char. 6: 1 -> 0 £. hexaarammus
Char. 75: 0 -> 1 Char. 8: 0 -> 1 Char. 13: 0 -> 1
£. laurae Char. 13:1 -> 0 Char. 71: 0 ->2
Char. 16: 2 ->1 Char. 53:1 -> 0 A. beniamini
Char. 17: 0 -> 1 Char. 72: 0 -> 1 Char. 6: 2 -> 1
Char. 41: 0 -> 1 Char. 76: 0 -> 1 Char. 18: 0 -> 1
Char. 86:1 -> 0 P. omata Char. 46: 1 -> 0
Char. 96: 0 -> 1 Char. 3: 0 -> 1 Char. 47: 0 -> 1
Char. 104: 0 ->1 Char. 9: 0 -> 1 Char. 84: 0 -> 1
Char. 105: 1 -> 0 Char. 16: 2 -> 0 S. eoallax
L. oavlenkoi Char. 35: 1 -> 0 Char. 4: 0 -> 1
Char. 8: 0 -> 1 A. medias Char. 6: 2 -> 0
Char. 13: 0 -> 1 Char. 6:1 -> 2 Char. 16: 0 -> 1
Char. 23: 0 -> 1 Char. 11:1 ->2 Char. 35:1 -> 0
Char. 41: 1 -> 0 B. Ivsimus Char. 91:1 -> 0
Z. venificus Char. 8: 0 -> 1 £. Draecisus
Char. 56: 0 -> 1 Char. 13: 0 -> 1 Char. 7:1 -> 1
Char. 79:1 -> 0 Char. 38: 0 -> 1 Char. 8: 0 -> 1
Char. 104: 0-> 1 Char. 58:1 -> 0 Char. 30: 0 -> 1
L. lonairostris Char. 61: 0 -> 1 Char. 31: 0 -> 1
Char. 8: 0 -> 1 Char. 68: 1 -> 0 Char. 67: 0 -> 1
Char. 64: 0 -> 1 P. rothrocki Char. 86: 1 -> 0
Char. 73:1 -> 0 Char. 105:1 -> 0 Char. 104:1 -> 0
Char. 106: 0-> 1 L  saaitta P  chirus
S. Dunctatus Char. 1:1 -> 0 Char. 21: 0 -> 1
Char. 8: 0 -> 1 Char. 9: 0 -> 1 Char. 36: 1 -> 0
Char. 64: 0 -> 1 Char. 41: 0 -> 1 Char. 92: 2 -> 1
Char. 80:1 -> 0 Char. 68: 0 -> 1 A. Dumurescens
O. ocellatus Char. 71:1 -> 2 Char. 1: 0 -> 1
Char. 13: 1 -> 0 Char. 73: 1 -> 0 Char. 16: 2 -> 0
Char. 16: 2 -> 0 Char. 97:1 -> 0 Char. 106: 0-> 1
Char. 26: 0 ->1 Char. 106: 0 -> 1 C. violaceus
Char. 46: 1 -> 0 D. buroeri Char. 6: 2 -> 1
Char. 47: 0 -> 1 Char. 6: 2 -> 0 Char. 15: 0 -> 1
Char. 58: 1 -> 0 Char. 38: 0 -> 1 Char. 21: 0 -> 1
Char. 61: 1 -> 0 Char. 49: 0 -> 1 Char. 43: 1 -> 0
Char. 77: 1 -> 0 Char. 64: 0 -> 1 Char. 85: 0 -> 1
Char. 100:1 -> 0 Char. 75: 0 -> 1 Char. 96: 0 -> 1
C. nuaator Char. 97: 1 -> 0 P. evides
Char. 15:0 -> 1 Char. 98: 1 -> 0 Char. 11:1 -> 0
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Char. 21:1 -> 0 
Char. 35:1 -> 0 
Char. 75: 0 -> 1 
Char. 76: 0 -> 1 
Char. 82: 0 -> 1 
A. varieaata 
Char. 1: 0 -> 1 
Char. 78: 0 -> 1 
Char. 104: 0-> 1 
R. iordani 
Char. 25: 0 -> 1 
Char. 44: 0 -> 1 
Char. 50: 0 -> 1 
Char. 93: 0 -> 1 
Char. 104: 0-> 1 
A. Iu d u s  
Char. 13: 0 -> 1 
Char. 16: 2 -> 1 
Char. 69:1 -> 0 
Char. 72: 0 -> 1 
C. maculatus 
Char. 4: 0 -> 1 
Char. 9: 0 -> 1 
Char. 12: 0 -> 1 
Char. 14: 1 -> 0 
Char. 53: 0 -> 1 
Char. 54: 0 -> 1 
Char. 56:1 -> 0 
Char. 71:1 -> 2 
Char. 89: 0 -> 1 
Char. 101: 0-> 1 
U. subbifurcata 
Char. 16: 0 -> 1 
Char. 61: 0 -> 1 
Char. 92: 2 -> 0 
Char. 106: 0 -> 1 
G. cristatus 
Char. 6: 2 -> 0 
Char. 15: 0 -> 1 
Char. 16: 2 -> 0 
Char. 78: 0 -> 1 
Char. 80: 0 -> 1 
Char. 95: 0 -> 1 
Char. 104: 0 -> 1 
Char. 106: 0-> 1 
P. laeta 
Char. 5: 0 -> 1 
Char. 102:1 -> 0 
A. flavidus 
Char. 5: 0 -> 1 
A. fucorum 
Char. 6: 1 -> 0 
Char 71:1 -> 0 
A. sanctaemsae 
Char. 35: 1 -> 0 
Char. 73: 0 -> 3
Z. americanus 
Char. 51: 0-> 1 
Char. 57: 0 -> 1 
L. mirobalis 
Char. 11:1 -> 0 
Char. 30: 0 -> 1 
Char. 31: 0-> 1 
Char. 41: 0-> 1 
Char. 50:1 -> 0 
Char. 55: 0 -> 1 
Char. 69:1 -> 0 
Char. 89: 0 -> 1 
Char. 98: 0 -> 1 
E. califomicus 
Char. 14:1 -> 0 
Char. 38: 0 -> 1 
Char. 77 1 -> 0 
Z. silenus 
Char. 5: 0 -> 1 
Char. 11: 0 -> 1 
Char. 18:1 -> 0 
Char. 21:1 -> 0 
Char. 50: 0 -> 1 
Char. 59:1 -> 0 
Char. 90: 0 -> 1 
L  p axilla 
Char. 44:1 -> 0 
Char. 49: 0 -> 1 
A. alectrolophus 
Char. 3:1 -> 0 
Char. 8: 0 -> 1 
Char. 16: 2 -> 1 
Char. 32:1 -> 0 
Char. 71:1 -> 0 
Char. 75:1 -> 0 
Char. 104: 0-> 1 
S. nana 
Char. 16: 0 -> 1 
Char. 26: 1 -> 0 
Char. 48:1 -> 0 
Char. 84: 0 -> 1 
A. mackavi 
Char. 16: 0-> 1 
Char. 68: 0 -> 1 
Char. 75: 0 -> 1 
Char. 104:1 -> 0 
P. aoodei 
Char. 10:1 -> 0 
Char. 16: 2 -> 0 
Char. 22: 0 -> 1 
Char. 25: 0 -> 1 
Char. 44: 0 -> 1 
Char. 50: 0 -> 1 
Char. 59: 1 -> 0 
Char. 60: 2 -> 0 
Char. 65: 0 -> 1
Char. 90:1 -> 0 
Char. 91:1 -> 0 
Char. 92: 2 -> 0 
L. omatus 
Char. 31: 0 -> 1 
Char. 53: 0 -> 1 
Char. 71: 2 -> 0 
Char. 104: 0 -> 1 
S. cerdale 
Char. 8: 0 -> 1 
Char. 36:1 -> 0 
Char. 64: 0 -> 1 
Char. 67: 0 -> 1 
Char. 70: 0 -> 1 
Char. 74:1 -> 0 
Char. 90: 1 -> 0 
Char. 91:1 -> 0 
Char. 92: 2 -> 0 
O. elonaatus 
Char. 18: 0-> 1 
Char. 23: 0 -> 1 
Char. 48: 0 -> 1 
Char. 77:1 -> 0 
Char. 92: 2 -> 0 
0. maculatus 
Char. 55: 0 -> 1 
M. scomius 
Char. 48: 0 -> 1 
Char. 74: 0 -> 1 
G. aculuatus 
Char. 3: 0 -> 1 
Char. 5: 1 -> 0 
Char. 25: 0 -> 1 
Char. 30: 0 -> 1 
Char. 35:1 -> 0 
Char. 38:1 -> 0 
Char. 55: 0 -> 1 
Char. 57: 0 -> 1 
Char. 64: 0 -> 1 
Char. 74:1 -> 0 
Char. 81: 0-> 1 
Char. 89: 0 -> 1 
M. saxatilis 
no autapomorphies
A. hexapterus 
Char. 31: 1 -> 0 
Char. 45: 1 -> 0 
Char. 52: 1 -> 0 
Char. 67: 0 -> 1 
Char. 78: 1 -> 0 
Char. 79: 1 -> 0 
Char. 80: 1 -> 0 
Char. 91: 1 -> 0 
Char. 92: 2 -> 0 
Char. 93:1 -> 0 
C. caeruleomentum
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